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CHAPTER 1

Introduction
1.1 Miniaturization of Microelectronic Devices
Since the beginning of the 1950s, integrated circuit technology has evolved dramatically.
In 1965, Gordon Moore predicted that the number of components on a single chip would be
doubled every 18–24 months.1 Due to the high device density, smaller, faster, and more efficient
devices have been introduced. The gate length, which is the distance between the “source” and
“drain” contacts is often used to describe the smallest dimension of advanced microelectronics. By
2020, the smallest gate length for the logic device is 5 nm and is expected to shrink to the 3 nm
node in the near future.2, 3 However, fabrication of <5 nm nodes create challenges. Extremely fine
patterns have to be produced on silicon when feature sizes are decreasing. Hence, extreme
ultraviolet (EUV) lithography is needed, and semiconductor industries must incorporate EUV
technology into the production lines, which is an expensive and critical process.4
Fabrication of ultra-small transistors has to go through another hurdle which is the shortchannel effect. Due to the ultra-narrow channels between the source and drain contacts, even when
transistors are switched off, electrons can move from source to drain, creating a large leakage
current.5 Moreover, conventional materials used in the device fabrication fail to maintain optimal
performance at reduced dimensions. When transistors are shrinking, the copper interconnects used
in the transistors also must decrease in size, which causes unwanted resistance-capacitance (RC)
delay in chips.6-12 Further decreases of the line width of copper interconnects would increase the
resistance of the lines dramatically.13 Hence, new materials and new deposition techniques capable
of producing thin films with absolute thickness control in high aspect ratio structures need to be
developed to obtain high device performance during the miniaturization of semiconductor devices.
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1.2 Materials Containing Transition Metal Thin Films
In modern integrated circuits, several billion transistors are incorporated to act as voltagecontrolled switches or amplifiers. During the early years of the semiconductor industry, bipolar
junction transistors were widely used in integrated circuits. However, the production of bipolar
junction transistors was challenging due to the relative bulkiness, and it was only used for specific
applications.14 In contrast, MOSFET, a type of field-effect transistor, was incorporated into
modern integrated chips successfully. The basic structure of an N-channel MOSFET is given in
Figure 1. MOSFETs are fabricated on a silicon substrate with discrete n-type (electrons) and ptype (holes) regions. The positive and negative charges in these regions are separated by a barrier
that prevents the current flow. A highly conductive metal is used for the gate structure, and in
between the metal layer and substrate, the gate dielectric is used as a barrier material. The widely
used gate dielectric material is SiO2. When enough voltage is applied at the gate, the charge
distribution in the substrate modifies, and the formation of a conductive channel between source
and draibbn is facilitated. However, due to miniaturization, the distance between the source and
the drain is reduced, and as a result, charge separation is inhibited due to the quantum tunneling
effect, leading to a high leakage current.10 Hence, new high k-dielectric materials such as Al2O3,15,
16

Ta2O5,16, 17 HfO2,18 ZrO2,19 TiO2,17 and ternary oxides (i.e., LaAlO3, PrAlO3, NdAlO3)20 have

been proposed to replace SiO2.

3

Figure 1. N-channel MOSFET structure.
Copper (Cu) has replaced aluminum as an interconnect in integrated circuits due to its low
resistivity and high resistance towards electromigration.21-26 However, Cu does not nucleate well
on insulating substrates and easily diffuses to silicon layers.22, 25-30 As a solution, thin metal layers
of chromium (Cr), cobalt (Co), and ruthenium (Ru) have been used as a seed layer prior to Cu
deposition.7, 31-39 The resistivity of Cu interconnects increase exponentially when feature sizes are
decreased due to the electron scattering at surface grain boundaries.6 Hence, some conductors were
examined to find replacement for Cu, and such conductors include Co,37-43 Ru,6, 44-47 iridium (Ir),6
and rhodium (Rh).6
A barrier layer between Cu and silicon is used to minimize Cu diffusion into SiO 2 and
silicon substrates. These diffusion barriers must adhere well towards the Cu and silicon layers and
be unreactive towards silicon and Cu.48, 49 Moreover, to reduce the cumulative resistivities of
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interconnects, the barrier layer should be ≤5 nm thick. Advanced barrier materials used in
transistors 50include TaN and WNx (x = 0.5–1) and ternary compositions of materials, including
carbon and silicon.51 However, nitride-based barriers fail to serve as effective copper diffusion
barriers at ≤5 nm thickness level.34, 52, 53 Hence, very thin layers of Mn, Cr, and Ru have been
explored as materials for potential Cu diffusion barriers.31, 32, 54-56
Thin tungsten (W) film are used as a plugging material for contacts and used as metal lines
in dynamic random-access memory (DRAM) and NAND flash devices.57, 58 W is a very effective
plugging material due to its high melting point, low resistivity, and inert and hard nature.
Moreover, CoSi2 and NiSi are also used as contact materials.59
1.3 Deposition Methods
Due to the miniaturization and increased complexities of microelectronic devices,
deposition techniques have been evolved during past decades. Widely used thin film deposition
techniques include physical vapor deposition (PVD)60 and chemical vapor deposition (CVD).61, 62
However, in terms of uniformity and conformality, these deposition techniques face increasing
challenges due to decreasing dimensions and increasing aspect ratios. Thereby, new deposition
techniques are required to obtain uniform and conformal metal depositions. Atomic layer
deposition (ALD) offers Angstrom level thickness control and conformal films in high aspect ratio
structures (Figure 2).63-67
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CVD, PVD
Non-conformal
Incomplete fill

ALD
Conformal
Uniform thickness

Figure 2. Film conformality illustration for various thin film deposition methods.
1.3.1 Physical Vapor Deposition (PVD)
In PVD techniques, atoms are removed from a solid or liquid, transported through an
evacuated chamber, and are subsequently deposited on a target surface.60 Atom removal from the
source surface can be accomplished by thermal heating or high energy particle bombardment by
atoms, electrons, molecules, ions, or photons. Several variations of PVD processes include
physical sputtering, laser ablation, thermal evaporation, and arc-based emission.60
Schematic diagrams of standard sputter-type PVD and evaporative-type PVD are presented
in Figure 3. In evaporative-type PVD, sources generally fall into two categories, quasi-equilibrium,
and non-equilibrium.60 Nearly steady-state equilibrium between liquid and gas phases can be seen
in the evaporation process of quasi-equilibrium sources. A Knudsen or effusion cell is an example
of a quasi-equilibrium source. In the Knudsen cell, the liquid is heated in a closed container to
produce vapor. Vapor slowly travels through a small orifice located on the top of the chamber and
condenses on the target substrate after diffusion through a tunnel.60
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Figure 3. Film growth by (a) evaporative PVD, (b) sputter PVD.
By contrast, the non-equilibrium system has open sources such as a boat, crucible, or
electron beam. In non-equilibrium sources, a small amount of liquid material is evaporated into a
volume which is in low pressure, and equilibrium or condensation back into the sources does not
occur due to the low pressure. If a crucible or boat is used for the depositions, the source material
is completely melted. However, the complete melting of evaporant materials causes problems such
as the initiation of unnecessary chemical reactions between evaporant species and the crucible or
boat materials. In contrast, the electron-beam sources melt the material in a small area and ensure
that the material adjacent to the confined heating area is intact.60
In sputter-based PVD processes, energetic particles are bombarded on the target to remove
atoms. Energetic particles such as inert gas ions, neutral atoms, molecules, or photons impact a
surface and dislodge surface or near-surface atoms. These discharged atoms travel toward the
substrate and condense to form a thin film.60 The properties of the films deposited by PVD strongly
depend on various parameters such as energy and direction of incident particles, composition and
temperature of the target surface, and undesirable energetic processes.
Evaporative PVD produces pillar-type microstructures due to the high directional
deposition, while sputtered PVD film growth is non-directional due to the gas-phase sputtering of
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atoms caused by increased pressure inside the deposition chamber. As a result of this
multidirectional growth, step coverage in three-dimensional surfaces is limited, and high aspect
ratio structures are poorly coated.63 Hence, the use of PVD in current and future applications in
the microelectronic industry is limited, although PVD can deposit films at low temperatures with
high deposition rates.
1.3.2 Chemical Vapor Deposition (CVD)
Chemical vapor deposition (CVD) is a thin film deposition technique in which precursors
in the vapor phase react near or on the heated substrate to deposit solid materials as thin films.68,
69

The main chemical reactions used in CVD include reduction, decomposition, hydrolysis,

nitridation, and oxidation. Activation energies for these reactions can be attained using thermal,
plasma, and photon energies. During a CVD process, a sequence of events that are taking place
can be shown graphically, as in Figure 4. As the first step, precursors are transported in bulk gas
flow into the reaction chamber. Once these precursors are in the reaction zone, they undergo gasphase reactions to produce reaction intermediates and gaseous byproducts. As the next step, the
reactive intermediates are transported to the substrate surface, where they adsorb to the surface
physically or chemically depending upon the reaction conditions. On the surface, adsorbed
molecules may diffuse to growth sites to form a film through nucleation and surface reactions.
Finally, gaseous byproducts diffuse away from the surface.61
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Figure 4. Precursor transport and reaction processes in CVD.
Non-conformal and rough topographies often result in CVD due to particle formation from
gas-phase reactions. Particle formation can be limited by applying a vacuum in the reaction
chamber, which reduces collisions between gaseous molecules.62, 66 Precursor selection is critical
in CVD as film growth is proceeded by complex gas phase and surface chemical reactions. CVD
precursors should be highly volatile and must be reactive at the desired temperature. Due to the
poor thermal stability of many precursors, the films are often contaminated with impurities such
as C, O, and H, and the quality of the films is degraded.48, 49
CVD and PVD are well-established film deposition techniques in the semiconductor
industry as they can produce high quality film with high throughput. However, conformality and
uniformity are compromised when PVD or CVD are used in high aspect ratio structures. Due to
miniaturization, high-aspect-ratio structures are incorporated into integrated circuits more than
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ever. Hence, new methods of deposition that can provide Angstrom level thickness control are
needed. As a result, there is a high interest to incorporate effective deposition techniques into
semiconductor manufacturing industries which can provide conformal and uniform thin films even
in high-aspect-ratio structures.
1.3.3 Atomic Layer Deposition (ALD)
In 1970, Tuomo Suntola developed a new technique to deposit thin films for
electroluminescent flat panel displays, known initially as atomic layer epitaxy (ALE) and renamed
as ALD. Ever since, ALD has developed rapidly due to its ability to deposit conformal and uniform
thickness films.70-76 ALD allows a controlled layer-by-layer growth of thin films by sequential
self-limited surface reactions because inert gas purge steps always separate the precursor pulses.63,
64, 66, 77

Moreover, due to the self-limited growth mechanism, deposition of highly uniform and

conformal thin films over large substrate areas and high-aspect-ratio structures are also possible.
Generally, the growth rate per cycle remains constant, which allows the film thickness to be
dependent only upon the number of deposition cycles.66 In practice, it has been observed that low
deposition temperatures are required during ALD processes to avoid precursor decomposition.17
In Figure 5, the deposition of TiO2 thin films on the silicon substrate with native oxide
shows the typical ALD process sequence. As the first step, a metal precursor is transported to the
reaction chamber by an inert carrier gas, and it adsorbs to the surface reactive sites on the substrate.
Once the metal precursors occupy all of the accessible reactive sites, the surface of the substrate is
saturated, and the excess precursors and byproducts are removed from the reaction chamber by
using an inert gas purge. The second precursor is subsequently introduced to the surface and reacts
with the surface adsorbed metal precursor to produce the desired film material. Finally, another
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inert gas purge is used to eliminate byproducts and excess precursors. Desired film thickness is
obtained by the repetition of this process.

Figure 5. A typical ALD process: TiCl4 and H2O for the growth of TiO2 films.
In a typical ALD process, once the precursors are bound to the surface reactive sites, the
successive purging step eliminates the remaining precursors, and this ensures the formation of an
atomic layer. This phenomenon is depicted in Figure 6, where a plot of growth rate versus
precursor pulse length affords a region of constant growth rate.63-67 The minimum precursor pulse
length needed to react with all the available surface reactive sites is known as the minimum
saturative dose. If a precursor is thermally stable at a specific deposition temperature, additional
growth is prevented once the minimum saturative dose has been delivered.50, 63, 64, 66
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Figure 6. Growth rate versus precursor pulse length. Region A indicates sub-saturative growth,
and region B shows saturative growth.
The thermal behavior of an ALD process can be assessed by the plot of temperature versus
growth per cycle (Figure 7). In this plot, the temperature range where a constant growth rate is
observed is known as the ALD window.63-67 The presence of an ALD window for a deposition
process has some advantages, such as accurate thickness control over a wide temperature range
and deposition of different materials (e.g., ternary oxides, metal alloys, etc.) with overlapping ALD
windows.63-67 As shown in Figure 7, at low deposition temperatures, insufficient precursor
reactivity is responsible for lower growth rates at low deposition temperatures (A), whereas, higher
growth rates are seen (B) due to the precursor condensation. Precursor desorption from the surface
reactive sites results in lower growth rates (C) at higher temperatures, while decomposition of
precursors is responsible for higher growth rates (D).
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Figure 7. Growth rate versus deposition temperature Region A: insufficient precursor reactivity;
Region B: precursor condensation; Region D: precursor decomposition; Region C: desorption of
precursor from the substrate.
Depending on the energy source used to drive the surface reactions, there are two types of
ALD processes. If thermal energy is used to facilitate the growth, the ALD process is termed as
thermal ALD, while high-energy radicals are used in plasma-enhanced ALD (PEALD). PEALD
can often be carried out at lower temperatures than thermal ALD. However, non-uniform coverage
in high aspect-ratio structures can result from active species recombination and substrate damage
from high energy radicals are identified as disadvantages of PEALD.36
1.4 Precursor Properties
An ideal precursor used in ALD should be highly thermally stable, volatile, and highly
reactive towards co-reagents and surface reactive sites. Either anionic (i.e., alkoxide, β-diketonate,
amidinate, carbohydrazide, diazadiene, halides, hydrozonates, etc.) or neutral (i.e., phosphine,
carbonyl, tetramethylethylenediamine (TMEDA), and vinyl-trimethyl silanes) ligands have been
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used to synthesize metal complexes which are used as CVD or ALD precursors. In ALD,
precursors are carried to the reaction chamber either by bubbling or due to the high vapor
pressure.78 Usually, liquid and gaseous precursors are preferred over solids since solid precursors
can impart problems during depositions. Vapor pressures of the solids can vary during depositions
as the surface areas of the solids in bubblers can change over time. Moreover, if the solid particles
are too small, they can be transported by the carrier gas into the reaction chamber and deposit on
the surfaces creating particles within the growing films.79
By contrast, liquid precursors have constant surface areas, hence, can maintain a constant
vapor pressure. If a precursor is less volatile, high delivery temperatures are required to increase
the vapor pressure.79, 80 Practically, precursor vapor pressure values are often not readily available,
and the determination of the vapor pressure of a solid can be difficult. Thermogravimetric (TG)
measurements can be used in these situations to determine the volatility and to estimate the
required source temperatures to produce sufficient vapor pressure. A graph of temperatures
corresponding to 10% or 50% mass losses in TG curves versus source temperatures can be plotted
against a series of known ALD processes for a given ALD instrument. A source temperature can
be estimated based on this plot for a new precursor with a known 10% or 50% mass loss value.8082

The volatilities of the precursors can be regulated by modification of the substituents on
the ligand cores. The introduction of alkyl groups to the ligand cores reduces the symmetry of the
metal precursor and reduces lattice energies, resulting in higher volatilities.36 However, the
bulkiness of the ligands should be minimized to obtain maximum precursor coverage on substrates
during ALD experiments. Group 2 β-diketonate complexes containing fluorinated alkyl groups are
more volatile than the analogous β-diketonate complexes with alkyl groups.83-85 Intermolecular
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lone pair/lone pair repulsions arising from the fluorine atoms reduce the lattice energies of
complexes and increase the volatilities. However, the presence of fluorine atoms can be a
disadvantage since fluorine can easily incorporate into thin films and alter the material properties.86
Volatility tends to be reduced by incorporating aryl groups due to the high molecular weights and
π-stacking interactions.87
Self-limited growth in ALD is only achieved by selecting highly thermally stable
precursors. Thermal decomposition of precursors often results in films with high impurity contents
such as C, H, and O. Precursors that are thermally stable above 200 °C are preferred since they
result in ALD processes with wider ALD windows and avoid decomposition inside the bubbler
during an extended period of heating.36 Precursors with neutral ligands are not preferable as they
decompose at low temperatures through neutral ligand loss. The presence of β-hydrogen atoms in
the ligand core many affords poor thermal stability and a higher CVD-growth component in ALD
processes. Such examples include alkoxide complexes of first-row transition metals.88-90
Metal precursors and co-reactants used in an ALD study must completely react with each
other rapidly. Such high reactivity often minimizes impurities in the films. Since a purging step
separates precursor pulses, the gas phase reactions are eliminated during ALD processes. Thereby,
precursors which react aggressively with each other can be used in the ALD process. Such
precursor combinations are preferred since they rapidly react with each other, reducing the cycle
time.80
Precursors used in ALD should not etch the growing film, substrates, or underlying films.
The ALD process of NbCl5 with H2O to produce Nb2O5 is an example of the pronounced etching
effect of the precursors.91 The Nb2O5 film that is produced during the process is etched by NbCl5,
producing volatile NbOCl3.91 Moreover, ideal precursors should be chemisorbed on the surfaces
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rather than dissolving in the films. In the ALD process of CuCl and Zn, Cu films are assumed to
deposit by the reductive exchange reactions. However, Zn is dissolved in the deposited Cu films
to produce Cu(Zn) alloy.92 This alloy is not thermally stable, and Zn will diffuse out from the film.
Nevertheless, the rate of which Zn is diffusing out from the growing film is low and this diffusion
will continue to occur during the consecutive CuCl pulse. As a consequence, self-limited growth
is lost, and CVD-type growth is noticeable.92
The byproducts produced during the ALD process should be volatile, unreactive, and easily
purged out of the reactor. Reactive byproducts cause many problems, such as corrosion in the
reactor and exhaust lines, re-adsorption on the film surfaces, and etching of the films. Use of nonhalogenated precursors in ALD processes is highly recommended due to the reasons mentioned
above. Finally, there are other preferable requirements such as ease of synthesis and handling,
nontoxicity, and low costs.
1.5 ALD of Diffusion Barriers
1.5.1 Titanium-Based Nitrides
TiN has been identified as an excellent diffusion barrier to WF6 during W metal fill.
Moreover, it acts as an adhesion layer for W nucleation, and the quality of the W films is directly
influenced by the changes in underlying TiN films.93 Both titanium halides and titanium metalorganic precursors have been used to deposit TiN by thermal ALD, and film properties and process
parameters are directly affected by the choice of the precursor.94 Comparatively low resistivity
(~200 μΩ cm) films were obtained with halogenated precursors such as titanium tetrachloride
(TiCl4) and titanium tetraiodide (TiI4) but the processes required high temperatures (˃500 °C).93,94
While the deposition temperature could be lowered (≤ 400 °C) to deposit TiN using TiCl4 and
NH3, much higher temperatures ( ≥500 °C) are needed to achieve films with acceptable film
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properties such as high conductivity and low chlorine contamination.17 To deposit better quality
TiN films, additional reducing agents such as Zn17 or trimethylaluminum (TMA)95 have been
introduced. TiN films deposited using TiCl4 and NH3 at 500 °C had a resistivity of about 250 μΩ
cm, but resistivity was reduced to 50 μΩ cm by the addition of Zn pulses.17 All precursors to date
for TiN are in the Ti(IV) oxidation state, whereas TiN is in Ti(III) oxidation state. As such, the
reducing ability of the nitrogen sources used in ALD processes is important. Ammonia is the most
widely used nitrogen source in TiN depositions. However, NH3 is quite stable (energy of
dissociation: NH2-H = 449 kJ/mol)96 and is not an effective nitrogen source at low temperatures.
Hence, other high reactive nitrogen sources with low dissociation energies such as allyl amine
(CH2=CHCH2NH2, 290 kJ/mol),96 tert-butyl amine ((CH3)3CNH2, 346 kJ/mol),96 and 1,1dimethylhydrazine ((CH3)2NNH2)97 have been used to deposit better quality TiN.
The use of halogenated titanium precursors and NH3 has created many problems in TiN
depositions. Hydrogen chloride (HCl), a byproduct evolved during the deposition of TiN using
TiCl4 and NH3, is corrosive and can affect both the deposition equipment and the process (i.e.,
nucleation behavior, poisoning of reactive sites, and growth mechanism).98 Moreover, HCl
produced during the deposition has been identified as the culprit for the etching of underlying
substrates. Etching of copper substrates, known as copper pitting, has been observed over a wide
temperature range (250-400 °C), and thermodynamic calculations suggested the formation of
volatile CuCl from the reaction with HCl is responsible for etching, which volatilized during
deposition.94 Moreover, during the NH3 pulse, the formation of ammonium chloride (NH4Cl) was
evident, and if the deposition temperature is lower than its decomposition temperature (370 °C),
NH4Cl will affect the surface reactions.98, 99 Furthermore, TiN films deposited using TiCl4 and
NH3 are identified as inefficient Cu diffusion barriers due to the formation of columnar grain
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structures, which facilitate the migration of Cu atoms through columnar pathways.100, 101 A 20 nm
thick TiN film deposited using TiCl4 and NH3 is only stable up to annealing at 550 °C for 30 min.
The inferior properties result at higher temperatures due to the copper-silicide formation.101
Metal-organic

precursors

such

as

tetrakis(dimethylamido)

titanium

(TDMAT),

tetrakis(ethylmethylamido)titanium (TEMAT), and tetrakis(diethylamido) titanium (TDEAT)
(Chart 1) have been used to deposit TiN to overcome problems related to the use of halogenated
precursors.93, 102-105 There are several advantages to using metal-organic precursors, such as lower
deposition temperatures, elimination of corrosive byproducts, and higher precursor volatility.98
However, the poor thermal stability of these titanium dialkylamido precursors leads to the
deposition of films with higher impurity content, mainly carbon and oxygen. Rhee102 investigated
the thermal stability of titanium dialkylamido precursors on substrate surfaces (i.e., compacted
SiO2 nanopowder) using in-situ Fourier transform infrared spectroscopy (FT-IR). The
decomposition temperatures were identified by the changes in the IR spectra as a function of the
substrate temperature. TDMAT, TEMAT, and TDEAT precursors decomposed at 175 °C, 200 °C,
and 250 °C, respectively, on the SiO2 surfaces.102 As a result of poor thermal stabilities of titanium
dialkylamido precursors, the resultant films had high resistivity values (> 1000 μΩ cm) due to the
presence of high C (>20 at. %) and O (>30 at. %) levels. Compared to the polycrystalline TiN
films deposited with halogenated precursors, metal-organic titanium precursors result in
amorphous TiN films, which impart better diffusion barrier properties.98
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Chart 1. Titanium ALD precursors.

As a solution to the poor diffusion barrier performance of TiN films, amorphous,
refractory, ternary complexes such as Ti-Si-N106-109 and Ti-Al-N110 have been introduced. The
introduction of a third element to the transition metal nitride is assumed to disrupt the crystal lattice
and produce a ternary amorphous material.2-7 A 10 nm thick Ti-Si-N film deposited using
TDMAT, SiH4, and NH3 functioned as an excellent barrier against Cu diffusion up to 800 °C for
60 min, while Ti-Al-N films were amorphous even after being annealed to 600 °C, and coppersilicide formation was only observed at 700 °C.107 In conclusion, these results show that ternary
nitrides are better diffusion barriers than their TiN counterpart due to their amorphous nature.
1.5.2 Tantalum-Based Nitrides
Tantalum and tantalum nitrides are thermodynamically stable with respect to Cu since CuTa, and Cu-N alloys are absent in the binary phase diagram.111 Hence, Ta, TaN, and Ta2N are
better Cu diffusion barriers than Ti-based nitrides. However, the ALD of TaNx often results in the
deposition of the nitrogen-rich phase, Ta3N5, which is a dielectric material.98 ALD deposition of
TaN using TaCl5 and NH3 produces films with high resistivity values (~200 μΩ cm).112 Conductive
TaN films could be deposited using Zn as an additional reducing agent in the ALD process using
TaCl5 and NH3.112 However, Zn causes critical problems during the process. High deposition
temperatures (> 400 °C) were required since the vapor pressure of Zn was low, and a minor amount
(~ 4 at. %) of Zn was present in the deposited films.112 The presence of Zn impurities can be a
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severe problem if they diffuse into the silicon substrates and deteriorate the performance of a
device.113 In another study, 1,1-dimethylhydrazine was used as a more efficient reductive nitrogen
source than NH3 to deposit TaN with TaCl5.113 However, amorphous films with high resistivity
values were obtained, which are assumed to be Ta3N5.113 Moreover, allylamine and tertbutylamine have been used in TaN depositions to replace NH3, assuming high reactivity towards
TaCl5.114 Nevertheless, nitrogen-rich, high resistive films (> 1500 μΩ cm) were obtained.114
Metal-organic tantalum precursors were also used to deposit TaN by ALD, such as tertbutylimidotris(diethylamido)tantalum
(dimethyamido)tantalum

(PDMAT,

(TBTDET,
Ta(NMe2)5),121-123

Ta(=NtBu)(NEt2)3),115-120

pentakis

tert-amylimido-tris(dimethylamido)

tantalum (TAIMATA, Ta[NC(CH3)2C2H5][N(CH3)2]3),124,

125

and pentakis(diethylamido)

tantalum (PDEAT, Ta(NEt2)5)126 (Chart 2). These precursors are preferred over halide precursors
as they produce halogen-free films. However, similar to TaCl5, metal-organic tantalum precursors
produced high resistive Ta-nitride films with molecular NH3 or H2. Along with the deposition of
dielectric Ta3N5, a higher amount of C impurities was also found in these films.115, 117-125
Chart 2. Tantalum ALD precursors.

Highly conductive Ta-based nitrides could be deposited when H2 plasma was used as a
reactant. However, deposited films were identified as TaCxNy instead of TaN, as expected.115, 117,
118

Compared to thermal ALD, plasma-enhanced ALD (PEALD) deposits TaN films with efficient

Cu diffusion barrier properties.98,127 Moreover, the use of metal-organic precursors over TaCl5 in
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PEALD produces thin films that are more protective against Cu migration due to the formation of
nanocrystalline microstructures compared to polycrystalline phases produced by TaCl5.127
1.5.3 Tungsten-Based Nitrides
Similar to Ta, W and its nitrides (W2N, WN) are also thermodynamically stable to Cu. The
phase diagram of Cu-W shows negligible solubility between two elements and the absence of any
reactions.128 WNx films are frequently reported to be amorphous, which is useful as Cu diffusion
barriers since they have non-columnar grain structures. Klaus et al.129 and Elers et al.99 first
reported the ALD of WNx films using a sequential supply of WF6 and NH3. The deposited films
suffered from high resistivity values (> 4500 μΩ cm) due to the nitrogen-rich WNx films because
of the incomplete reduction process.99, 129
A tungsten metal-organic precursor, bis(tert-butylimido)bis(dimethylamido)tungsten,
(BTBMW, (tBuN)2(Me2N)2W) was used to deposit WNx using NH3 at 250–350 °C and asdeposited films were amorphous.130, 131 However, the films had resistivity values ranging from
1500–4000 μΩ cm, and these resistivity values could be decreased (~960 μΩ cm) upon annealing
the films in forming gas at 700 °C for 30 min. The annealed films were polycrystalline WNx.130
The deposition temperatures of WNx by ALD are lowered to 150–250 °C by using W(III) metalorganic precursor, W2(NMe2)6 and NH3, relative to the WF6 and NH3 process. The as-deposited
films formed in the ALD process of W2(NMe2)6 and NH3 were amorphous, and due to the
formation of nitrogen-rich WNx, the resistivity values were high (~810 μΩ cm).132 N-rich WNx
thin films (N/W ratio ~ 1.56) were deposited using tris(3-hexyne)tungsten carbonyl (W(CO)
(CH3CH2C≡CCH2CH3)3) and NH3 plasma at 250 °C with a negligible amount of C and O

impurities.133 However, the minimum resistivity was observed at around 2800 μΩ cm for a 13 nm
thick film with the polycrystalline cubic WN phase.133
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Chart 3. Tungsten ALD precursors.

Ternary tungsten nitride carbide WNxCy films were deposited using WF6, NH3, and triethyl
boron (TEB, (BC2H5)3) at 300 °C.134-136 A low resistivity value was reported (350–400 μΩ cm) for
a 25 nm thick film even with 35 at.% of C (WN0.3C0.7). The diffusion barrier properties of 12 nm
thick ALD- WNxCy film deposited between Si and Cu (Si/ WNxCy /Cu) were evaluated by
annealing in a high vacuum for 30 min. Sheet-resistivity measurements and X-ray diffractometry
were used to assess the properties after annealing. The resistivity values of WNxCy were compared
with sputtered-deposited Ta (12 nm) and ALD-TiN (20 nm), which were subjected to the same
annealing experiments. The WNxCy film was stable up to 700 °C for 30 min, while ALD-TiN and
Ta failed after annealing at 600 and 650 °C, respectively.135 Ethene (C2H4) was used as a cheap
and safer C precursor to replace TEB. SiH4 was used as an additional reducing agent in this process
to deposit WNxCy.137 However, instead of depositing ternary tungsten nitride carbide, films with a
mixture of WN and W2N (W1.5N) phases were deposited.137 A 13 nm thick film had a resistivity
of 480 μΩ cm and shown excellent Cu barrier performances.137
Moreover, the ALD of WNx films was carried out using a sequential supply of B2H6, WF6,
and NH3 at 300 °C.138-140 Low resistivity (~350 μΩ cm), high density (~15g/cm3), and high purity
(B, F, and O levels were below the XPS detection limits) WNx films were obtained. These films
were identified as excellent barrier layers for the W plug process in advanced memory devices.140
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1.6 Thesis Problem
TiN has been used in many applications due to its advantageous material properties, such
as relatively low resistivity, hardness, and high melting temperature. However, the most
compelling and fast-growing area is microelectronics, where this material is employed as diffusion
barriers or adhesive layers (glue layers) in contacts and vias. As the device dimensions are
continually scaled down, the metal line cross-sections have been decreased accordingly. Moreover,
the aspect ratios of vias and trenches have also increased due to miniaturization. Hence, barrier
layers should be thin (≤5 nm) and uniformly deposited even in deep trenches and vias.
Furthermore, these layers should be dense and void-free to function as effective diffusion barriers.
ALD is an excellent choice to achieve this goal, since it can produce thin and conformal films with
Angstrom level thickness control. Both halogenated and metal-organic precursors have been used
to deposit TiN by ALD. The use of halogenated precursors causes many problems, such as high
deposition temperatures, contamination of thin films by halogens, and substrate damage by
chloride-containing byproducts. To overcome these problems related to the halogenated
precursors, titanium dialkylamido precursors have been introduced. However, the thermal
stabilities of these precursors are poor, and TiN ALD produces films with higher impurity contents
(i.e., C, H, and O) and results in highly resistive films. The oxidation state of titanium in
conventional metal-organic and halogenated precursors is higher (Ti(IV)) than that of TiN
(Ti(III)), and accordingly, a difficult reduction step is required and often results in an incomplete
reduction.
The main objective of this thesis work is to develop new ALD precursors and processes
that afford high purity and conductive TiN films. These thermal ALD processes should produce
TiN with low impurity contents resulting in low film resistivity. To meet this objective, highly
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thermally stable and volatile precursors are required. The goals herein are to synthesize and
characterize new Ti(IV) and Ti(III) complexes containing various ligand systems that promote
thermal stability and volatility. New Ti(III) precursors might be preferred over Ti(IV) complexes
since the Ti(III) oxidation state would facilitate the deposition of pure TiN at low temperatures
without requiring a problematic reduction process. In the literature, the synthesis, characterization,
and use of Ti(III) metal-organic precursors are scarcely documented. Even though a few
titanium(III) complexes containing β-ketoamino and β-ketonate ligands have been previously
reported, their precursor properties have not been evaluated.141-145
The structural properties of new complexes will be evaluated by infrared spectroscopy,
melting point determination, NMR spectroscopy, CHN microanalysis, and X-ray crystal structure
determinations. Precursor properties will be determined by preparative sublimation,
thermogravimetric analyses (TGA), and thermal decomposition temperature measurements. TiN
ALD growth studies will be performed using suitable precursors with high thermal stabilities and
volatilities by optimizing film growth parameters. Deposited films will be characterized using Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM),
four-point probe resistivity measurements, and scanning electron microscopy (SEM).

24

CHAPTER 2
Atomic Layer Deposition of Titanium Nitride Films from a New Highly Thermally Stable
Metal-Organic Precursor
2.1 Introduction
Both halogenated and metal-organic precursors have been used to deposit TiN by ALD.
Even though low resistivity films can be obtained from halogenated precursors, high deposition
temperatures are often required.146 Byproducts evolved during deposition can affect the deposition
equipment and the behavior of the process, such as nucleation, poisoning of the reactive sites, and
the interference with the growth mechanism.104 To overcome the problems related to halogenated
precursors, titanium dialkylamido complexes (i.e., tetrakis(dimethylamido) titanium (TDMAT),
tetrakis(ethylmethylamido)titanium (TEMAT), and tetrakis(diethylamido) titanium (TDEAT))
have been introduced as metal-organic precursors.102,

105

However, the thermal stabilities of

titanium dialkyamido precursors are poor, and TiN ALD produces films with higher impurity
content (i.e., C, O, and H) than the films deposited using TiCl4.17, 94, 147 Since the oxidation state
of conventional TiN precursors are higher (Ti(IV)) than TiN (Ti(III)), a difficult reduction step is
required during depositions and this reduction step is often incomplete.104 In order to solve these
issues, the synthesis of highly thermally stable and volatile Ti(IV) metal-organic precursors and
novel Ti(III) precursors, which do not require a reduction step during TiN depositions, are
proposed.
To address these issues, the approach was to synthesize metal-organic titanium precursors
that are highly thermally stable, volatile, and free from halogens. Monoanionic, bidentate nitrogen
ligands were selected, since the Ti-N bonds should be highly reactive towards a range of nitrogenbased co-reagents. Diazadiene or α-diimine ligands are redox non-innocent ligands that are widely
used in organometallic chemistry.148-150 The synthesis and precursor properties of mid-to-late first-
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row transition-metal diazadienyl complexes were evaluated previously by the Winter group.148
These complexes are monomeric, highly volatile, and thermally stable, making them ideal for use
as ALD precursors. The homoleptic titanium complexes, Ti(tBu2DAD)2 (tBu2DAD = tBu–N=CHCH=N–tBu) and Ti(iPr2DAD)3 (iPr2DAD = iPr–N=CH-CH=N–iPr), are previously reported, but
their volatility and thermal stability data were not documented.149 Ti(tBu2DAD)2 (1, Figure 8) has
been previously used as a precursor to deposit TiN by CVD.150 In this study, TiN films were grown
using 1 and NH3 by CVD, but growth rates were only observed at higher temperatures (≥ 500 °C),
and films had high resistivity values due to carbon and oxygen incorporation.150

Figure 8. Structure of precursor 1.
Since a reduction step is required to deposit TiN from conventionally used Ti(IV)
precursors, NH3 and other nitrogen-containing co-reagents (i.e., hydrazine, dimethylhydrazine, N2,
allylamines) have been widely used in TiN depositions to facilitate the reduction process.97
Tizando and Zaera have studied the surface chemistry of TiN ALD using TiCl4 and NH3.151 The
nature of the deposited species of each half-cycle was characterized by in-situ X-ray photoelectron
spectroscopy (XPS). In their experiments, they were able to characterize Ti(III) species during
initial TiCl4 dosing mainly through partial loss of chlorine atoms. Consecutive NH3 dosing
removed most of the chlorine atoms, resulting in the formation of TiN. However, the conclusions
of this study are indefinite due to the severe contamination of oxygen throughout the experiment.151
The oxidation state of titanium in Ti(iPr2DAD)3 (2, Figure 2) is (III), which does not require the
initial reduction step during deposition.
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Figure 9. Structure of precursor 2.
The thermal ALD processes of Co metal using Co(tBu2DAD)2 with either formic acid or
alkyl amines were recently reported.152, 153 These processes produced high purity Co metal films
with low resistivities with self-limited growth at 200 °C. A similar ALD process employing 1 and
1,1-dimethylhydrazine that would afford TiN at low temperatures was envisioned. Moreover,
initial deposition trials were conducted using 2 and 1,1-dimethylhydrazine. Herein we report the
thermal ALD of TiN films using 1 and 2 with 1,1-dimethylhydrazine.
2.2. Results and Discussion
Precursor Selection and Properties. Precursors 1 and 2 were synthesized using a
previously reported literature procedure.149 The crystal structure of 2 was described previously and
is monomeric with octahedral geometry at the titanium center.154 Complex 1 sublimes on a
preparative scale at 90 °C/0.2 Torr with ~89% recovery, whereas 2 sublimes around 120 °C with
94% recovery. Complex 1 melts at 136 °C and decomposes in the solid-state at ≥ 350 °C. For
comparison, 2 melts at a higher temperature (156 °C) but decomposes at a lower temperature (250
°C). Thermogravimetric analysis (TGA) traces for 1 and 2 are shown in Figure 10. For 1, a singlestep weight loss with a residual mass of ≤ 0.5 % after 400 °C was observed. The TGA trace for 2
is more complex. Even though it showed a single step weight loss up to 250 °C, which is its
apparent decomposition point, behavior became more complex above 150 °C.
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Figure 10. TGA traces of 1 and 2.
Synthetic Aspects. An X-ray crystal structure of 1 was not reported in the original
publication,149 and despite several attempts, X-ray quality crystals were not obtained. The solidstate structure of 1 is assumed to be monomeric, based upon the good volatility and from data
described below. To explore the structural properties of Ti(IV) precursors further, complexes 3–
5·(CH3(CH2)4CH3)0.5 were prepared by extension of the synthetic procedure for 1 (equation 1).
The DAD ligands, 1,4-bis(2,6-diisopropylphenyl)-1,4-diazabuta-1,3-diene (
bis(2,4,6-trimethylphenyl)-1,4-diaza-1,3-butadiene

(H2DADMes),

and

H2

DADDipp), 1,42,3-bis(2,4,6-

trimethylphenylimino)butane (Me2DADMes) were prepared according to literature procedures.155-157
Treatment of TiCl4 with two equivalents of Li2(H2DADDipp), Li2(H2DADMes), and Li2(Me2DADMes)
(prepared in situ from ligands and Li metal) in tetrahydrofuran afforded Ti(H2DADDipp)2 (3, 60%),
Ti(H2DADMes)2 (4, 55%), and Ti(Me2DADMes)2·(CH3(CH2)4CH3)0.5 (5·(CH3(CH2)4CH3)0.5, 40%)
respectively, as red crystals by crystallization from hexane at -28 °C. All of these complexes are
diamagnetic, and 1H and 13C{1H} NMR analyses were obtained.
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X-ray Crystal Structures. X-ray crystal structures of 3, 4, and 5·(CH3(CH2)4CH3)0.5 were
determined and are shown in Figures 11-13. Experimental crystallographic data are summarized
in Table 1, and selected bond lengths and angles are presented in Table 2. According to X-ray
crystallography, 3, 4, and 5·(CH3(CH2)4CH3)0.5 adopt monomeric structures in the solid-state. Each
titanium center is coordinated to the respective DAD ligand by two single Ti–N bonds and Ti–N
bond distances of 3, 4, and 5·(CH3(CH2)4CH3)0.5 range from 1.905(3) to 1.9598(18) Å. These bond
distances are similar to longer than those that have been reported for TiCl2(tBu2DAD) (1.9084(17)–
1.9103(18) Å)149 and Ti(C5(CH3)5)(iPr2DAD)CH3 (1.918(4)–1.926(4) Å).158 The slightly longer
bond distances in 3, 4, and 5·(CH3(CH2)4CH3)0.5 may be due to the presence of bulky substituents
on the ligand cores. In addition to the presence of Ti–N σ bonds, π-electron density from the diene
groups of the DAD ligands has been donated to the titanium centers and formed partial πcoordination of DAD ligands. This is evidenced by the Ti–C bond distances varying from 2.353(4)
to 2.443(2) Å. Similar slipped π-coordination of DAD ligands to Ti ions has been previously
reported in TiCl2(tBu2DAD),149 and Ti(C5(CH3)5)(iPr2DAD)CH3158 with Ti–C bond distances
ranging between 2.2463(9) and 2.4922(9) Å and 2.366(2) and 2.359(7) Å, respectively. These
bond distances are very similar to those observed for 3, 4, and 5·(CH3(CH2)4CH3)0.5. The ligand
core C–C bond distances of 3, 4, and 5·(CH3(CH2)4CH3)0.5 fall into a range of 1.377(5)–1.416(3)
Å and theses values are similar to those reported for DAD complexes containing π-interactions
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between the diene group and titanium centers (1.362(7)–1.3900(30) Å).149, 158, 159 The C–N bond
distances for 3, 4, and 5·(CH3(CH2)4CH3)0.5 are between 1.377(5)–1.416(3) Å, which are in good
agreement with the reported C–N bond distances for enediamide ligands with slight double bond
nature.158
Table 1. Experimental crystallographic data for 3, 4, and 5·(CH3(CH2)4CH3)0.5.

a

3

4

Formula

C52H72N4Ti

C40H48N4Ti

C47H63N4Ti

FW

801.03

632.72

731.91

Space group

P21/c

C2/c

P-1

a (Å)

22.6159(15)

15.0509(12)

10.4485(7)

b (Å)

10.0824(7)

16.9063(14)

11.3609(8)

c (Å)

21.7171(16)

14.4164(12)

17.6023(11)

V (Å3)

4552.6(6)

3396.0(5)

2043.9(2)

Z

4

4

2

T (k)

100.1

100.1

100.1

λ (Å)

0.71073

0.71073

0.71073

ρcalc (gcm-3)

1.169

1.238

1.189

μ (mm-1)

0.277

0.286

0.246

R(F)a (%)

8.4

3.7

4.7

Rw(F)b (%)

1.8

9.3

11.9

R(F) = Σ||Fo| − |Fc||/Σ|Fo|. bRw(F) = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2.

5·(CH3(CH2)4CH3)0.5
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Table 2. Selected bond lengths (Å) and angles (°) for 3, 4, and 5·(CH3(CH2)4CH3)0.5.
3

4

5·(CH3(CH2)4CH3)0.5

Ti1–N2 1.905(3)

Ti1–N1 1.9447(14)

Ti1–N1 1.9085(19)

Ti1–N3 1.913(3)

Ti1–N2 1.9092(14)

Ti1–N2 1.9598(18)

Ti1–C2 2.353(4)

Ti1–C1 2.3880(17)

Ti1–C1 2.412(2)

Ti1–C3 2.390(4)

Ti1–C2 2.3766(16)

Ti1–C2 2.443(2)

N2–C4 1.377(5)

N1–C1 1.392(2)

N1–C1 1.400(3)
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C4–C3 1.363(5)
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N1–Ti1–N2
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90.15(8)
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Figure 11. Perspective view of 3 with thermal ellipsoids at the 50% probability level.
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Figure 12. Perspective view of 4 with thermal ellipsoids at the 50% probability level.
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Figure 13. Perspective view of 5·(CH3(CH2)4CH3)0.5 with thermal ellipsoids at the 50%
probability level.
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In order to evaluate the behavior of 1 under thermal stress, a sample of 1 was sealed in a
glass ampoule under argon and heated. The temperature where 10% weight loss was observed in
the TGA trace was selected, which was ~150 °C. The sample was heated at 150 °C for 168 hours,
and the thermal properties (i.e., TGA, NMR, and melting point) were re-examined. There were no
new resonances in 1H NMR spectroscopy, indicating the absence of decomposition (Figure 14).
This fact was further confirmed by comparison of the TGA traces of the original and heated
samples. The TGA traces nearly superimpose, and there was no significant difference in residual
mass after heating (Figure 15). Additionally, to examine the thermal stability, samples of 1 (~10
mg each) were sealed in glass ampoules under argon and heated at 300, 350, and 400 °C for 1 h.
The heated samples were then analyzed by 1H NMR spectroscopy (Figure 16). Before heating,
Ti(tBu2DAD)2 was ˃99% pure as confirmed by 1HNMR and dark maroon in color. The color of the
samples heated at 300 and 350 °C was intact, and according to 1H NMR spectra, no new resonances
emerged in these samples. In contrast, the sample heated at 400 °C changed color to black, and
resonances at δ 1.25 and 5.81, which correspond to pure 1, were completely absent. Moreover,
new resonances emerged at δ 0.99, 0.77, and 0.6, indicating the decomposition of 1 at 400 °C. The
precursor properties of 1 are therefore appropriate for use in ALD. Because of its low boiling point,
high reactivity, and ease of vapor draw delivery, 1,1-dimethylhydrazine (bp 63 °C) was tested as
the nitrogen-based co-reactant. Initial deposition trials of 2 with 1,1-dimethylhydrazine were
carried out to evaluate the possibility of using 2 as a viable precursor to deposit TiN.
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(c)
(b)

(a)

Figure 14. 1H NMR spectra for (a) tBu–N=CH-CH=N–tBu ligand (b) 1 at 23 °C and (c) 1 heated
at 150 °C for 168 h in benzene-d6.

Figure 15. Comparison of TGA traces of 1 before and after heating at 150 °C.
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(d)
(c)
(b)
(a)

Figure 16. 1H NMR spectra for (a) tBu–N=CH-CH=N–tBu ligand (b) 1 heated at 300 °C for 1h
(c) 1 heated at 350 °C (d) 1 heated at 400 °C for 1 h in benzene-d6.
Film Deposition Study of 1 with 1,1-Dimethylhydrazine. Film deposition studies were
first explored using 1 and 1,1-dimethylhydrazine on thermal SiO2 (300 nm), TaN (91 nm), and
Si(100) with native oxide substrates. Precursor pulse lengths, substrate temperatures, and the
number of cycles were varied to evaluate the growth behavior. Saturation experiments for 1 were
conducted using a pulse sequence of 1 (varied), N2 purge (10.0 s), 1,1-dimethylhydrazine (0.2 s),
and N2 purge (10.0 s) for 1000 cycles at a deposition temperature of 325 °C. Figure 17 shows a
plot of growth rate versus pulse length of 1 with a growth plateau at ≥ 3.0 s and a saturative growth
rate of 0.28 Å/cycle.
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Figure 17. Plot of growth rate of TiN on SiO2 substrates versus pulse length of 1 after 1000
cycles, using 1 and 1,1-dimethylhydrazine.( The solid lines in the figure are guides to the eye.
Error bars represent standard deviation (n = 3).)
For the assessment of the saturation behavior of 1,1-dimethylhydrazine, a pulsing sequence
of 1 (5.0 s), N2 purge (10.0 s), 1,1-dimethylhydrazine (varied), and N2 purge (10.0 s) for 1000
cycles, was used at a deposition temperature of 325 °C. 1,1-Dimethylhydrazine showed saturative
behavior at pulse lengths ≥ 0.1 s with a saturative growth rate of 0.28 Å/cycle (Figure 18). Based
on the saturative pulse lengths, a pulse sequence of 1 (5.0 s), N2 purge (10.0 s), 1,1dimethylhydrazine (0.2 s), and N2 purge (10.0 s) was used for all subsequent depositions.
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Figure 18. Plot of the growth rate of TiN on SiO2 substrates versus pulse length of 1,1dimethylhydrazine after 1000 cycles, using 1 and 1,1-dimethylhydrazine. (The solid lines in the
figure are guides to the eye. Error bars represent standard deviation (n = 3).)
The effect of deposition temperature on the growth rate was studied in the temperature
range of 275 to 400 °C. Figure 19 shows the plot of growth rate versus deposition temperatures
for films grown on SiO2 substrates. An ALD window was observed from 325-350 °C with a growth
rate of ~0.28 Å/cycle. This ALD window is exceptionally high for a titanium metal-organic
precursor. The higher ALD window highlights the higher thermal stability of precursor 1. Cho and
Rhee’s study on the influence of thermal stabilities of dialkylamido titanium precursors on the
ALD window revealed the highest ALD window of 170-250 °C was observed for TDEAT, which
has the highest thermal stability.102
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Figure 19. Plot of growth rate versus deposition temperature for TiN growth on SiO2 substrates
after 1000 cycles, using 1 and 1,1-dimethylhydrazine. (The solid lines in the figure are guides to
the eye. Error bars represent standard deviation (n = 3).)
The growth rate increases above 350 °C, likely due to the decomposition of 1. In Figure
19, the secondary axis shows the bulk resistivity of the films as a function of temperature. Bulk
resistivity decreased with increasing temperature, and the lowest resistivity value (2000 μΩ cm)
was observed at 400 °C, which is significantly higher than the resistivity of bulk TiN (25 μΩ cm).3
The films were exposed to air before analysis, and some oxidation may happen during this time,
which may be responsible for higher resistivities. To explore the TiN growth behavior, films were
grown at 325 °C with a different number of cycles. As shown in Figure 20, a linear plot is observed
with nearly zero intercept, indicating the absence of a nucleation delay. According to the crosssectional scanning electron microscopy (SEM), images of TiN on SiO2 between 500 to 2000 cycles
showed uniform and continuous films (Figure 21).
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Figure 20. Plot of thickness versus the number of cycles for TiN growth on SiO2 substrates at
325 °C after 1000 cycles, using 1 and 1,1-dimethylhydrazine. (Error bars represent standard
deviation (n = 3))
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Figure 21. SEM images showing thickness of film grown on SiO2 after (a) 500 (b) 750 (c) 1000
(d) 2000 ALD cycles.
To assess the crystallinity of TiN films grown at 300, 350, and 400 °C on Si (100), films
were analyzed by X-ray diffraction (XRD). As shown in Figure 22, the diffraction patterns for
films grown at 350 and 400 °C showed a broad reflection centered near 2θ = 43°, which is
consistent with the (200) reflection of TiN (PDF 038-1420). By contrast, the films grown at 300
°C do not show a reflection at 2θ = 43°, suggesting an amorphous material. The reflection at 2θ =
57 ° presented in diffraction patterns arise from the Si(100) substrate.
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Figure 22. X-ray diffraction pattern of TiN films growth on Si (100) substrates at different
temperatures after 1000 cycles, using 1 and 1,1-dimethylhydrazine. The dotted black lines
indicate reflections associated with TiN.
The surface morphologies of 30 nm thick films deposited at 325 and 350 °C were studied
using atomic force microscopy (AFM). The film grown at 325 °C had a root mean square (RMS)
roughness value of 1.21 nm over the 5 x 5 μm2 area (Figure 23a) which corresponds to 4.1% of
the total film thickness. The RMS roughness of the film deposited at 350 °C was 1.57 nm, which
is 5.2% of the thickness (Figure 23b). The RMS values demonstrate that films deposited in the
ALD window are very smooth.
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Figure 23. AFM images showing 5 х 5 μm2 area for films deposited at (a) 325 °C and (b) 350 °C
on thermal SiO2.
To assess the purity of the TiN films grown over the span of the ALD window, X-ray
photoelectron spectroscopy (XPS) analyses were performed on samples deposited on SiO2 at 325
and 350 °C. The as-deposited films were exposed to air prior to analysis, resulting in surface
oxidation. Figure 24 shows an XPS depth profile for a 30 nm thick film grown at 350 °C, and very
similar results were obtained for a film deposited at 325° C. After sputtering away surface
contaminants with 3 keV argon ions, the films exhibited uniform chemical compositions. Upon
sputtering for 0.4 min, the films consisted of 36% titanium, 20% nitrogen, 37% oxygen, and 7%
carbon.
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Figure 24. XPS depth profile of a 30 nm thick TiN film deposited at 350 °C.
As shown in Figure 25a, the presence of TiO2 on the as-deposited films (black trace) was
confirmed by the Ti 2p1/2 binding energy of 463.1 eV and Ti 2p3/2 binding energy of 457.5 eV,
which are in agreement with the reported binding energies for TiO2.160-165 After 1 min of sputtering,
the titanium signal was composed of two titanium species. The set of ionizations found at binding
energy values of 455.0 eV and 461.0 eV correspond to TiN.165-167 Ionizations at 457.5 eV and
463.1 eV are assigned to fully oxidized Ti.160-165 The intensity of the N 1s ionization of asdeposited films was weak due to surface oxidation (Figure 25b). The N 1s binding energy was
centered at 397.1 eV in the bulk of the film, which corresponds to TiN,165-167 and this value is
shifted to lower values upon sputtering. At the surface, the major O 1s binding energy is 530.9 eV
which corresponds to the oxygen in TiO2,160-162, 166 and a smaller ionization found at 532.0 eV is
responsible for hydroxyl groups (Figure 25c).165 In the bulk of the film, the O 1s ionization was at
531.4 eV, which can be assigned to sub-stoichiometric oxide or oxynitride.167-170 C 1s ionizations
are shown in Figure 25d. At the surface, the major C ionization was at 285.0 eV, which corresponds
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to organic carbon species, whereas the ionization at 282.0 eV observed upon sputtering suggests
the presence of titanium carbide.165

Figure 25. Ionization region of 30 nm thick TiN film deposited at 350 °C (a) Ti 2p (b) C 1s (c)
O 1s (d) N 1s.
According to the XPS data, the films are highly contaminated with oxygen and carbon. The
presence of oxygen and carbon in the films leads to high resistivities. High oxygen content has
been observed for the previously reported TiN CVD, and ALD processes using metal-organic
precursors,169-171 and several factors may additively contribute to the oxygen contamination.
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Oxygen may incorporate into thin films during deposition from impurities present in the coreactant or carrier gas. Furthermore, deposited films can be oxidized when exposed to air.
Although it is considered as pure inert gas (˃99.9999%), commercially available nitrogen usually
contains a small amount of oxygen which is enough to oxidize the TiN during depositions. Lu et
al.172 determined the partial pressure of oxygen in high purity (99.999%) nitrogen and argon gases
to be on the order of 10-5 atm, which was adequate to oxidize TiN, since this value is higher than
the TiN phase stability limit. Post-deposition oxidation of TiN films after exposing films to the
ambient atmosphere is more favorable since TiN is sensitive to oxygen.170 Formation of TiO2 from
the reaction between TiN and oxygen is thermodynamically favorable (ΔG° = -582 kJ/mol),173
rendering it a likely oxygen contamination pathway. Even though oxygen is uniformly distributed
throughout the films, as shown in Figure 24, this may be considered as inconclusive evidence for
predominant oxidation during the deposition. It is a known fact that oxygen can first diffuse rapidly
along grain boundaries when exposed to air and consequently, oxygen can slowly distribute into
the bulk of the grains resulting in a uniform distribution throughout the films. This preferential
oxidation is studied by several groups using XPS depth profiling studies.17, 170, 174
To quantify the air exposure on TiN, a ~ 30 nm thick TiN film deposited at 350 °C was
analyzed by XPS with minimum air exposure (< 1 h). The resultant depth profile is presented in
Figure 26. Upon sputtering for 25 minutes, the films consisted of 36% titanium, 22% nitrogen,
27% oxygen, and 14% carbon. Figure 27 compares the atomic concentrations of Ti, O, N, and C
for <1 hour and 30 days air exposure. According to Figure 27, the atomic % of O increased over
time from 27 to 36%. The effect of air exposure on film composition has been previously
investigated by many research groups.165, 166, 168, 174 Recently, Wolf et al.166 investigated the effect
of air exposure on TiN by XPS analysis. In their study, they analyzed films after 1, 5, and 60 min
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of ambient exposure. Even after just 1 min of air exposure, the binding energy values
corresponding to TiN were shifted, indicating the post-deposition oxidation.166
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Figure 26. XPS depth profile of 30 nm thick TiN film deposited at 350 °C with minimum air
exposure (<1 h).

48

Figure 27. Effect of air exposure. Ti, N, O, and C atomic % of TiN films deposited at 350 °C
followed by < 1h (red) and >30 days (black) air exposure.
Attempted Growth of TiN using 2 with 1,1-Dimethylhydrazine. Film growth was
attempted using 2 with 1,1-dimethylhydrazine at 250, 300, and 350 °C. For initial depositions, a
pulse sequence of 2 (3.0 s), N2 purge (10.0 s), 1,1-dimethylhydrazine (0.2 s), and N2 purge (10.0
s) was used for 1000 cycles. Films were not observed by cross-sectional SEM on any of the
substrates at 250 °C. Cross-sectional SEM images of films deposited at 300 and 350 °C revealed
thin and rough films which were non-conductive. Films obtained at these high temperatures may
be a result of decomposition of 2 since its decomposition temperature is ~ 250 °C, as shown by
TGA trace (Figure 3). Further experiments are needed to determine the possibility of lowering the
deposition temperature by using other reactive nitrogen-based co-reactants.
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2.3 Conclusion
This study has demonstrated the growth of TiN films by a thermal ALD process using the
metal-organic precursor 1. This precursor offers an alternative to precursors containing halogens
or dialkylamido ligands. Self-limited, saturative behavior was observed at 325 °C with ≥3.0 s and
≥0.1 s pulses of 1 and 1,1-dimethylhydrazine, respectively. An ALD window from 325 to 350 °C
was observed with a 0.28 Å/cycle growth rate. A linear relationship was obtained for film thickness
with the increasing number of cycles. TiN films deposited at 350 and 400 °C on Si (100) substrates
consisted of nanocrystalline material, as determined by X-ray diffraction. AFM studies showed
smooth surfaces with low RMS roughness values. The TGA study revealed that precursor 1 is
more thermally stable than the commercially available titanium metal-organic precursors TDMAT,
since the thermal stability of 1 is at least 150 °C higher than that of TDMAT.102 Nevertheless, TiN
films grown from this process suffer from significant oxygen and carbon contamination. XPS
analysis showed that films grown from 1 and 1,1-dimethylhydrazine resulted in TiNxOy with 7%
carbon incorporation. The oxidation of TiN is likely because of the thermodynamically favorable
nature of the reaction between TiN and atmospheric O2. The resistivities of the TiN films were
high (˃2000 μΩ cm), which can be attributed to oxidation of the films after removal from the
growth chamber. Initial ALD study of 2 and 1,1-dimethylhydrazine led to the deposition of thin,
rough, and non-conductive films at high temperatures (≥300 °C), which presumably resulted in
CVD deposition as 2 decomposes at ~250 °C.
2.4 Experimental Section
General Considerations. All reactions were performed under argon either using glove box
or Schlenk line techniques. The ligands were prepared under ambient atmosphere. Tetrahydrofuran
and hexanes were distilled from sodium. Anhydrous TiCl4 was purchased from Stigma Aldrich.
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The compounds 1, 2, 2,3-bis(2,4,6-trimethylphenylimino)butane, 1,4-bis(2,4,6-trimethylphenyl)1,4-diaza-1,3-butadiene,

and

1,4-bis(2,6-diisopropylphenyl)-1,4-diazabuta-1,3-diene

were

prepared according to literature procedures.149, 155-157
1

H and

13

C{1H} NMR spectra were obtained 400 MHz and 100 MHz, respectively, in

benzene-d6. Infrared spectra were determined using Shimadzu IRTracer-100 spectrometer. An
Electrothermal melting point apparatus was used to measure melting points and thermal
decomposition temperatures. Thermogravimetric analysis was carried out on a TA Q50 thermobalance that was housed in an argon-filled glove box. Preparative sublimations and solid-state
decomposition temperatures were determined using previously described procedures.175 Midwest
Microlab, Indianapolis, IN, performed the elemental analyses for the compounds.
Synthesis of Ti Complexes Derived from 1,4-Bis(2,6-diisopropylphenyl)-1,4-diazabuta-1,3diene (3 =
H2DADMes),

H2DADDipp),

1,4-Bis(2,4,6-trimethylphenyl)-1,4-diaza-1,3-butadiene (4, =

and 2,3-Bis(2,4,6-trimethylphenylimino)butane (5, = Me2DADMes).

Preparation of Ti(H2DADDipp)2 (3). A 100 mL Schlenk flask was charged with a magnetic
stir bar, H2DADDipp (1.00 g, 2.65 mmol), and tetrahydrofuran (30 mL). To this stirred solution at
ambient temperature was slowly added Li (0.037 g, 5.3 mmol), and the resultant solution was
stirred for 18 h. This solution was then added dropwise by cannula to anhydrous TiCl4 (0.252 g,
1.33 mmol) at -50 °C. The resultant red solution was stirred for 16 h at ambient temperature. The
volatile components were removed under reduced pressure, and the resultant red solid was
extracted with hexane (40 mL). Filtration of the hexane extract through a 1 cm pad of Celite on a
coarse glass frit gave a red solution. This solution was concentrated under reduced pressure to ca.
15 mL. After 1 day at -28 °C, red crystals of 3 (0.638 g, 60%) were obtained: mp 215-217 °C; IR
(cm-1) 2920 (s), 2870(s) 1526 (s), 1523 (w), 1132 (w), 740 (s); 1 H NMR (400 MHz, C6D6, 23 °C,
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δ): 6.50−6.60 (m, 6H, CH-Dipp), 5.48 (s, 4H, CH-DAD), 3.81 (m, 4H, (CH3)2CHDipp), 1.8 (d,
24H, (CH3)2CHDipp)

13

C{1H} NMR (400 MHz, C6D6, 23 °C, ppm): δ 154.7 (CDipp), 132.3

(CDipp), 125.3 (CHDipp), 120.8 (NCH), 105.3 (CHDipp), 28.2 ((CH3)2CHDipp), 22.1
((CH3)2CHDipp).
Preparation of Ti(H2DADMes)2 (4). In a fashion similar to the preparation of 3, treatment
of anhydrous TiCl4 (0.325 g, 1.71 mmol) with Li2(H2DADMes) (prepared from H2DADMes (1.00 g,
3.42 mmol) and Li metal (0.048 g, 6.84 mmol) in tetrahydrofuran (40 mL)) for 18 h at ambient
temperature afforded 4 (0.595 g, 55%) as red crystals after crystallization from hexane at -28 °C:
mp 218-220 °C; IR (cm-1) 2952 (w), 2871 (s), 1572 (s), 1132 (s) 730 (s); 1 H NMR (400 MHz,
C6D6, 23 °C, δ): 6.82 (s, 4H, CH-Mes), 5.45 (s, 4H, CH-DAD), 2.28 (s, 6H, p-CH3-Mes), 1.48 (s,
12H, o-CH3-Mes). 13C {1H} NMR (400 MHz, C6D6, 23 °C, ppm); 150.2 (CMes), 146.2 (CMes),
128.2 (CMes), 126.3 (NCH), 110.1 (CHMes), 22.1 (CH3CMes). Anal. Calcd for C40H48TiN4: C,
75.36; H, 7.65; N, 8.86. Found: C, 76.03; H, 8.64; N, 9.18.
Preparation of Ti(Me2DADMes)2·(CH3(CH2)4CH3)0.5 (5·(CH3(CH2)4CH3)0.5). In a fashion
similar to the preparation of 3, treatment of anhydrous TiCl4 (0.269 g, 1.56 mmol) with
Li2(Me2DADMes) (prepared from Me2DADMes (1.0 g, 3.13 mmol) and Li metal (0.43 g, 6.25 mmol)
in tetrahydrofuran (40 mL)) for 18 h at ambient temperature afforded 5·(CH3(CH2)4CH3)0.5 (0.457
g, 40%) as red crystals after crystallization from hexane at -28 °C: mp 218-220 °C; IR (cm-1) 2895
(w), 2725 (s), 1547 (s), 1124 (s) 710 (s); 1 H NMR (400 MHz, C6D6, 23 °C, δ); 6.92 (s, 4H, CHMes), 2.27 (s, 6H, (CH3)-DAD), 2.21 (s, 6H, p-CH3-Mes), 1.50 (s, 12H, o-CH3-Mes), 1.24 (m,
hexane-CH3), ), 0.9 (m, hexane-CH2).

13

C{1H} NMR (400 MHz, C6D6, 23 °C, ppm): δ 151.3

(CMes), 147.6 (CMes), 127.2 (CMes), 109.1 (CHMes), 28.1 (CH3DAD), 20.9 (CH3CMes). Anal.
Calcd for C47H63TiN4: C, 77.13; H, 8.68; N, 7.65. Found: C, 77.36; H, 9.51; N, 8.57.

52

Thermal ALD of TiN using 1 and 1,1-Dimethylhydrazine
Film Deposition. A Picosun R-75BE ALD reactor was used for the ALD experiments,
with deposition temperatures ranging from 250-400 °C on thermal SiO2 (300 nm) on Si (100), TaN
(91 nm) on SiO2, and Si (100) with native oxide substrates without further cleaning.
Thermogravimetric analyses were carried out on a TA Q50 thermo-balance that was housed in a
nitrogen-filled glove box. 1,1-Dimethylhydrazine was purchased from Sigma Aldrich and was
used as received. The source temperature for 1 was optimized at 110 °C in the initial growth trials
and was delivered using a Picosolid booster. 1,1-Dimethylhydrazine was delivered using a
conventional vapor-draw bubbler at 23 °C with a flow-restricting VCR gasket (100 μm hole size)
in the bubbler line to limit consumption. For all depositions, ultra-high purity nitrogen (99.999%,
Airgas) was used as the carrier and purge gas. TiN films were deposited at 325°C according to
the pulse sequence 1 (5 s), N2 purge (10.0 s), 1,1-dimethylhydrazine (0.2 s), N2 purge (10.0 s). All
characterization except for X-ray diffraction was performed on films deposited on 300 nm thermal
SiO2 substrates.
Film Characterization. Cross-sectional film thickness measurements were determined
using a JEOL-6510LV electron microscope. Sheet resistivity measurements were obtained using
a Jandel 4-point probe RM 3000+. Grazing incidence X-ray diffraction (GI-XRD) was measured
on a Bruker D-8 Advance diffractometer with Cu Kα radiation. Film morphology was studied
using a VEECCO Dimension 3100 atomic force microscope operated in the tapping mode.
NanoScope (version 5.31R1) was used to collect the data and calculate the RMS values of the
sample surfaces. Gwyddion (version 2.44) was used to generate images of the surfaces. XPS
measurements used an Al Kα (1486.6 eV) X-ray source (pass energy = 23.5 eV, step size = 0.200
eV) at a chamber base pressure of 10−10 Torr. A 16-channel detector with a hemispherical analyzer
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using a PHI 5000 VersaProbe II XPS instrument used to record spectra. An XPS software package
(MultiPak, version 9.4.0.7) was used to collect and quantify the data focusing on the Ti 2p, O 1s,
C 1s, N 1s, and Si 2p core levels. Sputtering was performed over a 2 × 2 mm 2 area using 3 keV
argon ions supplied by an argon sputter gun. All spectra are uncorrected and peak fitting was
performed using MultiPak (version 9.4.0.7)
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CHAPTER 3
Synthesis, Structure, and Thermal Decomposition of Titanium(III) Complexes Containing
Pyrazolate Ligands
3.1 Introduction
To deposit TiN, TiCl4 and TiI4 have been widely used in thermal ALD.17, 94, 96, 97 However,
byproducts that are evolved during this process, such as HCl, NH4Cl, and chloride ion, can
contaminate the films and interfere with the growth mechanisms.92, 98, 99 As a solution, metalorganic titanium precursors such as TDMAT, TEMAT, and TDEAT have been used to deposit
TiN.34, 93, 102, 104, 105 Nevertheless, high carbon contamination has been observed in these processes
due to the low thermal stability of the precursors.98,

102

Even though Ti(tBu2DAD)2 (1) is

thermodynamically stable up to 350 °C, TiN films deposited using 1,1-dimethylhydrazine are
highly contaminated with carbon and oxygen as described in Chapter 2. The oxidation state of 1
is Ti(IV), which requires a difficult reduction step during TiN deposition. Hence, new metalorganic Ti(III) precursors need to be synthesized and characterized, which do not require a
reduction step. Ti(iPr2DAD)3 (2), which is in Ti(III) oxidation state, is marginally thermally stable,
and the preliminary ALD study with 1,1-dimethylhydrazine revealed that 2 is not reactive enough
to produce TiN at low temperatures. Herein, Chapter 3 describes the synthesis and characterization
of Ti(III) complexes containing pyrazolate ligands. Pyrazolate ligands have been identified as a
ligand class that confers more thermal stability to transition metals complexes containing Ag,177179

Mo,176 Ta,132 and Au.180 Furthermore, Ti(IV) complexes containing pyrazolate ligands are

extensively studied and reported as highly volatile and thermally stable precursors.181,

182

Moreover, the synthesis of Ti(tBu2pz)3 has been previously described, but its precursor properties
have not been evaluated.183 In Chapter 3, new Ti(III) complexes containing pyrazolate ligands are
described along with their thermal properties. Furthermore, the thermal decomposition of Ti(III)
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complexes containing pyrazolate ligands has been studied using sublimation studies. Interestingly,
Ti(III) pyrazolate complexes undergo disproportionation during decomposition to Ti(IV)
pyrazolate and possibly to Ti metal, which indicates a novel route to deposit metallic Ti by CVD
or ALD.
3.2. Results and Discussion
Synthetic Aspect. The pyrazole (CF3,tBu)2pzH, and (CF3)2pzH and the pyrazolate
complex Ti(tBu2pz)3 (6) (Figure 28) were synthesized according to literature procedures.179, 183-185
The potassium salts K[(CF3,tBu)2pz] and K[(CF3)2pz] were prepared by treatment of
(CF3,tBu)2pzH, and (CF3)2pzH with KH in tetrahydrofuran, and these solutions were treated with
TiCl3(THF)3, as depicted by equation 2 to afford 7 and 8 as blue-colored crystalline solids in the
indicated yields by crystallization from hexane at -28 °C.

Figure 28. Structure of precursor 6.

The structures of 7 and 8 were assigned by spectral and analytical techniques. Moreover,
the X-ray crystal structures of 7 and 8 were determined and are described in the following section.
Both complexes are paramagnetic and show very broad resonances in their respective 1H NMR
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spectra. Magnetic moment values for 7 and 8 were 1.20 and 1.87 BM, respectively, and are
consistent with one unpaired electron on the Ti(III) centers.
The X-ray crystal structures of 7 and 8. The X-ray crystal structures of 7 and 8 were
determined to establish the solid-state configurations. Experimental crystallographic data are
summarized in Table 3, and selected bond lengths and angles are presented in Table 4.
Representative perspective views of 7 and 8 are shown in Figures 29 and 30. According to the Xray crystal structures, 7 and 8 are monomeric with three η2 -pyrazolate ligands and two coordinated
tetrahydrofuran molecules. Ti(III) complexes with higher coordination numbers (˃6) are scantly
documented. By contrast, Ti(IV) complexes with a coordination number of 8 have been
extensively studied.181, 182 Square antiprismatic geometry has been previously reported for the
Ti(III) cation in [Ti(NH3)6]Cl3·NH3 at -40 °C.186 The coordination geometries around Ti(III) in 7
and 8 were systematically analyzed by SHAPE 2.1 software, and distorted triangular dodecahedron
was found to be the best option to describe the geometry.187 Complexes 7 and 8 are the first
examples of neutral Ti(III) centers with 8-coordinate, triangular dodecahedron geometry.
The Ti–N bond distances in 7 and 8 range from 2.110(6) to 2.151(6) Å. These values are
slightly longer than the Ti–N bond distances observed in 6 (2.034(3)–2.038(3) Å)183 due to the
steric congestion in the structures of 7 and 8 influenced by the 8-coordinate environment. By
contrast, the Ti–N bond distances in {PhC[(Me3Si)N]2}2Ti(η3-allyl) (2.111(2)–2.198(2)Å),188
{PhC[(Me3Si)N]2}2Ti(μ-Cl)Li(TMEDA)

(2.128(7)–2.163(8)Å),188

and

Ti(PhNC(H)NPh)3

(2.110(3)–2.144(3)Å)189 are closer to the Ti–N bond distances in 7 and 8. The Ti–O bond lengths
in 7 and 8 range from 2.134(2) to 2.197(4) Å, which are similar to the values observed in
Ti(tBu2pz)2(THF)2Cl (2.136–2.159 Å).183 The intraligand N–Ti–N bond angles for 7 and 8 are in
between 36.67(9) to 36.88(14)° and 36.7(2) to 37.5(2)°, respectively, while interligand N–Ti–N
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bond angles vary between 91.37(10) and 100.78(14)° for 7 and 94.1(2) to 96.5(2) for 8. The O–
Ti–O bond angle for 7 and 8 are 153.67(12), and 154.5(9)°, respectively.
Table 3. Experimental crystallographic data for 7, 8, and 10.
7

8

10

Formula

C23H19F18N6O2Ti

C32H46F9N6O2Ti

C32H40F12N8Ti

FW

801.34

765.65

812.62

Space group

I41cd

P1

P-1

a (Å)

16.3142(4)

9.7945(8)

10.1644(6)

b (Å)

16.3142(4)

10.0123(8)

10.6585(7)

c (Å)

23.2463(6)

20.0260(17)

19.3376(12)

V (Å3)

6187.1(3)

1848.5(3)

1873.4(2)

Z

8

2

2

T (k)

100

100

100

λ (Å)

0.71073

0.71073

0.71073

ρcalc (gcm-3)

1.721

1.376

1.441

μ (mm-1)

0.420

0.314

0.323

R(F)a (%)

3.0

4.9

4.98

Rw(F)b (%)

7.47

12.53

12.78

a

R(F) = Σ||Fo| − |Fc||/Σ|Fo|.

b

Rw(F) = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2.
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Table 4. Selected bond lengths (Å) and angles (°) for 7 and 8.

7

Ti-N

Ti-O

O–Ti–O

Ti(1)–N(1)

2.119(3)

Ti(1)–N(2)

2.126(2)

Ti(1)–N(3)

2.148(3)

Ti(1)–O(1)

O(1)`–Ti(1)–O(1)

N(3)–Ti(1)–N(2)
N–Ti–N

8

N(1)–Ti(1)–N(2)
O(1)–Ti(1)–N(2)

Ti(1A)–N(1A)

2.111(6)

Ti(1A)–N(2A)

2.144(6)

Ti(1A)–N(3A)

2.142(6)

Ti(1A)–N(4A)

2.089(6)

Ti(1A)–N(5A)

2.151(6)

Ti(1A)–N(6A)

2.113(6)

Ti(1A)–O(1A)

2.917(4)

Ti(1A)–O(2A)

2.193(5)

O(1A)–Ti(1A)–O(2A)

154.59(19)

N(1A)–Ti(1A)–N(2A)

37.4(2)

N(6A)–Ti(1A)–N(5A)

36.7(2)

N(3A)–Ti(1A)–N(4A)

37.5(2)

N(3A)–Ti(1A)–N(5A)

94.3(2)

N(4A)–Ti(1A)–N(2A)

94.1(2)

N(1A)–Ti(1A)–N(6A)

96.5(2)

2.134(2)

153.67(12)

36.67(9)
91.37(10)
87.11(9)
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Figure 29. Perspective view of 7 with thermal ellipsoids at the 50% probability level.
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Figure 30. Perspective view of 8 with thermal ellipsoids at the 50% probability level.
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Evaluation of Thermal Stability and Volatility. The melting points, decomposition
temperatures, and sublimation temperatures for 6–8 are summarized in Table 5. The highest
melting point was observed for 6 followed by 8, and then 7. Moreover, all these complexes were
thermally unstable, as depicted in Table 5, where low decomposition temperatures were observed.
Complex 6 did not sublime up to 200 °C/0.2 Torr. However, a color change from blue to orange
was visualized at 110 °C and 0.2 Torr. The color change indicated an oxidation state change, and
the possible path of decomposition of 6 is disproportionation. During the sublimation of 7 and 8,
the blue-colored material changed into a red color at 70 and 140 °C, respectively. A yellow-colored
complex (9) sublimed from 7 at 90 °C and 0.2 Torr. Similarly, sublimation of 8 produced a bright
yellow-colored compound (10) at 150 °C/0.2 Torr. The structures of 9 and 10 were assigned from
spectral and analytical data. Both 9 and 10 are diamagnetic, and resonances corresponding to
ligand substituents were observed in the 1H NMR and 13C{1H} NMR spectra. In addition, the Xray crystal structure of 10 was obtained. The experimental crystallographic data for 10 are
summarized in Table 3, and selected bond lengths and angles are presented in Table 6. A
representative perspective view of 10 is given in Figure 31. According to the crystal structure of
10 (Figure 31), it was confirmed that 10 is Ti(IV) complex with four η2-pyrazolate ligands attached
to the titanium center. The geometry around the Ti center is best described as distorted
dodecahedron, and this structure is in line with other reported Ti(IV) complexes with pyrazolate
ligands.181, 182 The Ti–N bond lengths vary between 2.006(2) and 2.053(2) Å. The intraligand N–
Ti–N bond angles fall between a narrow range of 38.68(9) to 38.88(8)°, while the interligand N–
Ti–N angles range between 86.85(9) to 95.25(9)°. The Ti–N bond lengths for Ti(Ph2pz)4 range in
between 2.034(3) and 2.082(3) Å and are very similar to the Ti–N bond lengths in 10.182
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Table 5. Melting points and solid-state decomposition temperatures for 6-10.
Compound

mp (°C)

Decomposition temperature (°C)

6

215-217

150

7

135-138

124

8

140-143

120

9

112-114

180

10

244-246

250

Table 6. Selected bond lengths (Å) and angles (°) for 10.
Ti(1)–N(1)

2.006(2)

N(1)–Ti(1)–N(2)

38.88(8)

Ti(1)–N(2)

2.079(2)

N(7)–Ti(1)–N(8)

38.68(9)

Ti(1)–N(3)

2.038(2)

N(6)–Ti(1)–N(5)

38.87(8)

Ti(1)–N(4)

2.045(2)

N(4)–Ti(1)–N(3)

38.72(8)

Ti(1)–N(5)

2.062(2)

N(1)–Ti(1)–N(3)

94.97(9)

Ti(1)–N(6)

2.016(2)

N(7)–Ti(1)–N(2)

85.44(9)

Ti(1)–N(7)

2.053(2)

N(8)–Ti(1)–N(6)

95.25(9)

Ti(1)–N(8)

2.028(2)

N(4)–Ti(1)–N(5)

86.85(9)

N(4)–Ti(1)–N(6)

94.62(9)

N(7)–Ti(1)–N(4)

91.56(9)
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Figure 31. Perspective view of 10 with thermal ellipsoids at the 50% probability level.
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TGA was carried out on 6–10 to understand the behavior of the complexes upon heating,
and TGA traces for 6–10 are presented in Figure 32. Complex 6 showed single-step weight loss
with 2% non-volatile mass at 450 °C. Due to the THF coordination, 7 and 8 are thermally unstable
and non-volatile. Hence, TGA traces for 7 and 8 have multiple steps and high non-volatile residue
(> 20%) after 450 °C. In contrast, TGA traces for 9 and 10 exhibited single step weight losses due
to sublimation between 125 °C and 250 °C.

Figure 32. Thermogravimetric analysis traces of 6-10 from 25 to 475 °C.
Disproportionation and Implication for Thin Film Growth Precursors. The
sublimation, melting point, and thermal decomposition of 6 cumulatively indicated that during
decomposition, it might disproportionate to produce Ti(tBu2pz)4 and Ti(tBu2pz)2 complexes.
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However, attempts to isolate disproportionation products were not successful. In contrast, 7 and 8
clearly showed disproportionation, since the respective Ti(IV) pyrazolate complexes (9 and 10)
were isolated as pure materials, and 10 was characterized by X-ray crystallography. The other
possible product from the disproportionation of 8, which is Ti(CF3,tBupz)2, could not be isolated.
However, the Ti(II) complex would likely undergo further disproportionation, possibly to Ti metal
and Ti(CF3,tBupz)3. Based on the decomposition study, the step by step and the overall process
for the disproportionation reaction is proposed as presented in Scheme 1.
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Scheme 1. Proposed disproportionation of 8.

According to the proposed mechanism, four equivalents of 8 initially disproportionate to
two equivalents each of Ti(CF3,tBupz)4 (10) and “Ti(CF3,tBupz)2” (Step 1 in Scheme 1). As the
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next step, “Ti(CF3,tBupz)2” would undergo disproportionation to produce Ti metal and
“Ti(CF3,tBupz)3”(Step 2 in Scheme 1). “Ti(CF3,tBupz)3” would disproportionate to
Ti(CF3,tBupz)4 (10) and “Ti(CF3,tBupz)2” (Step 3 in Scheme 1). The main assumption of Scheme
1 is that the above-described chain of disproportionation would proceed until all the Ti(III) and
Ti(II) complexes containing pyrazolate ligands are consumed to produce Ti(CF3,tBupz)4 (10) and
Ti metal (Overall in Scheme 1). The progress of the disproportionation was monitored by the 1H
NMR. The 1H NMR spectra of the residue at the hot end of the tube were collected at different
time intervals. The sublimation was continued until all of the resonances from Ti(CF3,tBupz)4 (10)
and Ti(CF3,tBupz)3(THF)2 (8) disappeared. Based upon the stoichiometry in Scheme 1 (overall
reaction in Scheme 1), the theoretical yield of 10 should be 75% after the sublimation. During the
experiment, complex 10 was isolated and carefully weighed to calculate the yield. The
experimental yield of 10 was ~73%, which is closer to the theoretical yield (75%), and this can be
considered as evidence that the disproportionation of 8 follows Scheme 1.
The non-volatile black residue upon sublimation of 8 was insoluble in common organic
solvents, possibly suggesting that it does not contain pyrazolate complexes. The powder XRD
pattern of the black residue was obtained and is shown in Figure 33. According to the PXRD
pattern, the material is amorphous since it does not show any reflections that can be indexed to Ti
metal. However, if this black residue is Ti metal, its characterization would be very difficult due
to the high reactivity towards oxygen and moisture. Since the black residue was exposed to the air
prior to the analysis, crystallinity measurements are ambiguous. The black powder was annealed
prior to air exposure at 350 °C for 24 h, and an amorphous X-ray diffraction pattern was also
observed. The presence of Ti was confirmed by X-ray fluorescence spectroscopy of the black
residue, which gave an intense signal for Ti (~28,000 counts).
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Figure 33. X-ray powder diffraction pattern of the non-volatile black residue obtained after
sublimation of 8 at 150 °C/0.05 Torr. The sample was exposed to air before the analysis.
The disproportionation metal-organic precursors has been previously studied for Pb(I) (i.e.,
hexaaryldiplumbanes disproportionate to produce tetraarylplumbanes and Pb metal),190 Tl(I) (i.e.,
trimethylthallium is produced from methylthallium(I)),191 Cu(I) (i.e., disproportionation of Cu(βdiketonate)L (L = PMe3, 1,5-COD or vinyltrimethylsilane) to produce Cu(β-diketonate)2, L, and
metallic Cu),192, 193 and Co(II) (i.e., disproportionation of bis(β‐silyldiamide)cobalt(II) to produce
bis(β‐silyldiamide))cobalt(IV) and metallic Co).194 Furthermore, disproportionation of Ti(III) has
been previously studied for TiCl3(THF)3 using TGA.195 Based on the percentage of residual mass
in each step of TGA trace, it was concluded that TiCl3(THF)3 disproportionates to TiCl4 and TiCl2
from 225 to 250 °C.195 Moreover, attempted synthesis of Ti(III) complexes containing
dialkylamides (NR2, R = Me and Et) resulted in the formation of Ti(NR2)4 and [Ti(NR2)2]n.196 The
structural assignment was exclusively based on the 1H NMR data, and the formation of Ti(NR2)4
and [Ti(NR2)2]n was described by the volatility-controlled disproportionation of [Ti(NR2)3]2.

69

Additionally, further disproportionation of [Ti(NR2)2]n to Ti(NR2)4 and metallic Ti was briefly
described.196, 197
The current study is the first report of disproportionation of Ti(III) metal-organic
precursors to Ti(IV) and possibly Ti metal at low to moderate temperatures. Complexes 7 and 8
undergo disproportionation at 90 and 150 °C at 0.2 Torr, respectively. These temperatures are 75
to 140 °C lower than the disproportionation of TiCl3(THF)3. Since Ti has a very negative
electrochemical potential (Ti(II) → Ti(O), E° = −1.631 V),198 CVD and ALD depositions of
titanium metal are scantly documented. Finding suitable precursors and strong reducing agents to
deposit titanium metal is challenging. Strong reducing agents such as 1,4-bis(trimethylsilyl)-2methyl-2,5-cyclohexadiene and 1,4-bis(trimethylsily)-1,4-dihydropyrazine have been employed to
deposit Ti metal by ALD with low growth rates.199 However, new precursors, reducing agents, and
processes are required to develop titanium metal CVD and ALD. The findings of the present study
are valuable to develop precursors and processes for the deposition of Ti metal by CVD or ALD.
Moreover, highly reactive titanium surfaces are afforded by this disproportionation of Ti(III)
precursors. Once these highly reactive titanium species are generated on the substrate surfaces,
different co-reagents can be used to deposit titanium containing films such as TiN and TiS2.
Since 8 and 9 undergo thermally induced disproportionation, this concept can be adopted
for the titanium metal CVD or ALD processes. A Ti(III) precursor can be introduced onto the
substrate surface, and disproportionation can be induced by heating. If the disproportionation
follows the reactions as shown in Scheme 1, metallic titanium will be deposited while a volatile
Ti(IV) complex will be eliminated from the reaction chamber during the purging step. Thermallyinduced disproportionation has been previously used to deposit Cu metal by CVD. Cu(hfac)(L)
(hfac = hexafluoroacetylacetonate, L = (trimethysilyl)acetylene, diphenylacetylene, 2-butyne, and
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2-pentyne) disproportionated between 150–250 °C to deposit high purity Cu with deposition rates
of 1μm/min.192, 193 The overall disproportionation reaction is depicted by Scheme 2.200
Scheme 2. Proposed disproportionation of Cu(hfac)(L).

The most important factor of employing disproportionation to deposit titanium metal is to identify
a suitable Ti(III) precursor. Appropriate Ti(III) precursors must be thermally stable to be delivered
to the reaction chamber without decomposition and must be highly volatile to facilitate the
delivery. Once the Ti(III) precursors is adsorbed to the surface, it must undergo efficient
disproportionation as proposed in Scheme 1 during the heating process, which will ensure the
deposition of high purity Ti. Hence, careful precursor design has to be undertaken to produce
volatile, thermally stable Ti(III) precursors, which can be transported into the reaction chamber
without decomposition. Inside the reaction chamber, adsorbed Ti(III) precursors should undergo
disproportionation with the supply of excess heating.
3.3 Conclusion.
Novel Ti(III) complexes containing pryrazolate ligands have been synthesized,
characterized, and their volatility and thermal stabilities were assessed. Complexes 7 and 8 are
monomeric, but two THF molecules were attached to each titanium center. The geometries of these
eight coordinated titanium complexes are best described as distorted triangular dodecahedrons.
Due to the THF coordination, 7 and 8 are thermally unstable and non-volatile. Hence, 7 and 8
decompose at low temperatures (˂130 °C). However, during the sublimation, 8 underwent
disproportionation to produce Ti(IV) pyrazolate complex (10) and possibly titanium metal. This
finding is important to develop new ALD and CVD processes for Ti metal since Ti has a very
negative electrochemical potential.
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3.4 Experimental Section
General Considerations. All reactions were carried out under nitrogen using glove box or
Schlenk line techniques. Tetrahydrofuran and hexanes were dried by distilling from sodium
benzophenone ketyl and sodium, respectively. Anhydrous 3TiCl3•AlCl3 was purchased from
Strem Chemicals. Potassium hydride (in 30 wt % dispersion in mineral oil; washed with hexane
before

use),

2,2,6,6-tetramethyl-3,5-heptanedione,

and

1,1,1-trifluoro-5,5-dimethyl-2,4-

hexanedione were purchased from Sigma Aldrich. 3,5-Di-tert-butyl-1H-pyrazole, 3-(tert-butyl)5-(trifluoromethyl)-1H-pyrazole,

tris(3,5-di-tert-butylpyrazolato)titanium(III)

(6),

and

TiCl3(THF)3 were prepared according to literature procedures.179, 184, 185, 201
1

H and

13

C{1H} NMR spectra were obtained 400 MHz and 100 MHz, respectively, in

benzene-d6. Solution state magnetic susceptibility values were determined according to the Evans
method.202 Infrared spectra were obtained using a Shimadzu IRTracer-100 spectrometer.
Thermogravimetric analysis was carried out on a TA Q50 thermo-balance that was housed in an
argon-filled glove box. Preparative sublimations and solid-state decompositions were determined
using previously described procedures.175 Midwest Microlab, Indianapolis, IN, performed the
elemental analyses for the compounds. Powder X-ray diffraction data were acquired on a Bruker
D2 Advance diffractometer with a Cu Kα anode. Experimental patterns were compared with the
powder diffraction files of the International Center of Diffraction Data using the Jade 5.0 software
to identify the crystalline phase.
Preparation of Ti((CF3)2pz)3(THF)2 (7). A 100 mL Schlenk flask was charged with a
magnetic stir bar, (CF3)2pzH (0.50 g, 2.48 mmol), and tetrahydrofuran (30 mL). To this stirred
solution at ambient temperature was slowly added KH (0.109 g, 2.74mmol), and the resultant
solution was stirred for 2 h. This solution was then added dropwise by cannula to anhydrous
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TiCl3(THF)3 (0.292 g, 0.791mmol) in THF at -50 °C. The resultant blue solution was stirred for
16 h at ambient temperature. The volatile components were removed under reduced pressure and
the resultant blue solid was extracted with hexane (40 mL). Filtration of the hexane extract through
a 1 cm pad of Celite on a coarse glass frit gave a blue/green solution. This solution was
concentrated under reduced pressure to ca. 5 mL. After 3 days at -28 °C, blue crystals of 7 (0.348
g, 55 %) were obtained; mp 135-138 °C; IR (cm-1) 2974 (w), 1483 (s), 1122 (s), 1083 (s), 1010
(s); μeff = 1.2 BM in benzene solution. Anal. Calcd for C23H19F18N6O2Ti: C, 34.47; H, 2.39; N,
13.79. Found: C, 29.74; H, 1.93; N, 10.08.
Preparation of Ti(CF3,tBupz)3(THF)2 (8). In a fashion similar to the preparation of 7,
treatment of anhydrous TiCl3(THF)3 (0.311 g, 0.840 mmol) with K(CF3,tBupz) (prepared from
CF3,tBupzH (0.50 g, 2.603 mmol) and potassium hydride (0.115 g, 2.86 mmol) in tetrahydrofuran
(40 mL)) for 16 h at ambient temperature afforded 8 (0.100 g, 15%) as green crystals: mp 140-143
°C; IR (cm-1) 2974 (w), 1500 (s), 1250 (s), 1080 (s) 1009 (s); μeff = 1.87 BM in benzene solution.
Anal. Calcd for C32H46F9N6O2Ti: C, 50.20; H, 6.06; N, 10.98. Found: C, 47.05; H, 5.39; N, 10.59.
Sublimation of 7 to afford 9. Compound 7 (0.50 g, 0.623 mmol) was sublimed at 90
°C/0.2 Torr to obtain 9 as yellow crystals (0.304 g, 60%): mp 112-114 °C; 1H NMR (C6D6, 23 °C,
δ) 6.19 (s, 1H, pz-H).

13

C{1H} NMR (C6D6, 23 °C, ppm) 140.42 (q, N–C(CF3)3, 2JCF = 42.50 Hz),

120.81 (q, CF3, 1JCF = 275.1 Hz), 114.80 (s, CH); IR (cm-1) 2974 (w), 1450 (s), 1251 (s), 1236 (s)
1143 (w). C20H4F24N8Ti: C, 27.90; H, 0.47; N, 13.03. Found: C, 27.65; H, 0.76; N, 13.41.
Sublimation of 8 to afford 10. Compound 8 (0.50 g, 0.653 mmol) was sublimed at 150
°C/0.2 Torr to obtain 10 as yellow crystals (0.387, 73%): mp 244-246 °C; 1H NMR (C6D6, 23 °C,
δ) 6.42 (s, 1H, pz-H), 0.85 (s, 9H, C(CH3)3).

13

C{1H} NMR (C6D6, 23 °C, ppm) 159.48 (s,

NCC(CH3)3), 137.77 (q, N–C(CF3)3, 2JCF = 44.9 Hz), 122.84 (q, CF3, 1JCF = 269.4 Hz), 111.41 (s,
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CH), 31.96 (s, C(CH3)3), 29.67 (s, C(CH3)3); IR (cm-1) 2974 (w), 1450 (s), 1251 (s), 1236 (s) 1143
(w). C32H40F12N8Ti: C, 47.30; H, 4.96; N, 13.79. Found: C, 47.24; H, 4.64; N, 13.54.
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CHAPTER 4
Synthesis, Structure, and Thermal Decomposition of Titanium(III) Complexes Containing
Carbohydrazide Ligands
4.1 Introduction
TiCl4 has been widely used as a precursor to deposit TiN with different nitrogen sources
such as tert-butyl amine, allylamine, dimethylhydrazine, and ammonia.17, 96, 97 However, the ALD
processes for TiN using TiCl4 and NH3 resulted in the formation of Cu pitting due to the formation
of corrosive byproducts such as HCl.94 Moreover, high temperatures are required to decrease the
chloride content in the films, and these processes often result in columnar grain structures in the
films, which facilitate fast Cu migration.100, 101 As a solution to the above-stated problems, metalorganic titanium precursors have been introduced, such as dialkylamide titanium complxes.104, 105,
119, 169

Even though low deposition temperatures were reported in these studies (< 250 °C), self-

limiting behavior was not observed above 220 °C due to the thermal decomposition of the
complexes, and often these precursors result in high C contamination (< 20 %).104, 119 The oxidation
state of the Ti in conventional metal-organic and halogenated precursors is higher (Ti(IV)) than
that of TiN (Ti(III)). Hence, a reduction step is required during TiN depositions, which often results
in contaminated films due to the incomplete reduction.
In order to overcome these problems, our research goal is to synthesize volatile and
thermally stable Ti(III) metal-organic precursors, which could be used to deposit TiN without a
reduction step. Chapter 3 described the synthesis, structure, and precursor properties of Ti(III)
complexes containing pyrazolate ligands. Due to the relatively small size of the ligand core,
Ti(R2pz)3(THF)2 (R = CF3 or R = CF3, tBu) complexes had two THF molecules attached to the
titanium centers, and this limited the volatility and thermal stability of these complexes. As a
response to this problem, ligands that form five-membered chelate rings were envisioned. The
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titanium complexes with five-membered rings might provide additional steric protection to the
titanium center and could form monomeric complexes without attached neutral molecules.
Chapter 4 describes the synthesis, characterization, and thermal decomposition of Ti(III)
complexes containing carbohydrazide ligands (Chart 4). Several years ago, the Winter group
reported the synthesis, structure, and precursor properties of first-row transition metal complexes
containing carbohydrazide ligands.203 Cobalt and nickel complexes containing carbohydrazide
complexes were highly volatile and thermally stable.203 Similar thermal stabilities were envisioned
for the Ti(III) carbohydrazide complexes, based on the hypothesis that the strong bonds present in
the carbohydrazide ligand core might stabilize Ti(III) centers. Moreover, there are no reports in
the literature regarding titanium complexes containing carbohydrazide ligands.
Chart 4. Chemical structure of L1 to L4.

4.2. Results and Discussion
Synthetic Aspects. The carbohydrazide ligands L1-L4 (Chart 4) were prepared according
to the literature procedures.203 Treatment of TiCl3(THF)3 with three equivalents of KL1-KL4
(prepared in situ from L1H-L4H and potassium hydride) in tetrahydrofuran afforded Ti(L1)3 (11,
12%), Ti(L2)3 (12, 40%), Ti(L3)3 (13, 10%), and Ti(L4)3 (14, 37%), respectively, as purple to green
crystals by crystallization from hexane at -28 °C in the indicated yields (equations 3 and 4). The
X-ray crystal structures of 11–14 were determined, as described below. All of the complexes are
paramagnetic and showed very broad resonances in their 1H NMR spectra. Solution state magnetic
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moments (μeff) values of 11–14 ranged between 1.27–1.54 BM, which are close to the spin-only
magnetic moment expected for d1 Ti(III) center (μeff = 1.73).

X-ray crystal structures of 11–14. To establish solid-state configurations, the structures
of these complexes were determined by X-ray crystallography. Experimental crystallographic data
are summarized in Table 7. Selected bond lengths and angles are given in Tables 8–10, and
perspective views of 11–13 are presented in Figures 34–36. Complexes 11–13 display distorted
octahedral geometry about the titanium metal centers with three carbohydrazide ligands
coordinated in a chelating κ2-fashion through the carbonyl oxygen atoms and nitrogen atoms of
the dimethylamino groups. The core C–N bond lengths in the carbohydrazide ligands of 11–13
range between 1.281(3) and 1.295(4) Å, which are in between the distances expected for C–N
single (1.46 Å) and C=N double bonds (1.21 Å).198 The Ti–N bond distances in 11–13 range
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between 2.217(11) to 2.357(2) Å, and the Ti–O bonds range from 1.960(9) to 2.003(9) Å. The fact
that the Ti–N bonds are longer than the Ti–O distances in 11–13 confirm the presence of anionic
oxygen donors and neutral dimethylamino groups. For, 11–13, the intraligand N–Ti–O angles fall
between 71.87(10) and 76.00(6)°, and interligand angles range from 86.70(10) to 172.37(4)°. The
corresponding interligand O–Ti–O and N–Ti–N angles range from 94.19(6) to 158.20(6)° and
94.41(4) to 158.20(6)°, respectively.
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Figure 34. Perspective view of 11 with thermal ellipsoids at the 50% probability level.
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Figure 35. Perspective view of 12 with thermal ellipsoids at the 50% probability level.
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Figure 36. Perspective view of 13 with thermal ellipsoids at the 50% probability level.
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Complex 14 crystallizes in the monoclinic space group P21/c with four molecules in the
unit cell. The crystal structure for 14 consists of three different types of whole molecule disorder.
A perspective view of the major component, which constitutes about 55%, is presented in Figure
37. Two major coordination isomers have been proposed for carbohydrazide ligands (Chart 5). 203
Entry a in Chart 5, indicates a five-membered metallacycle, and entry b is for a four-membered
metallacycle. Previously reported first-row transition metal carbohydrazide complexes exclusively
adopted five-membered metallocycles with large bite angles.203 However, the crystal structure for
the major component of 14 revealed the presence of both coordination modes in the same molecule
(Figure 37).
Chart 5. Possible coordination modes for carbohydrazide ligands.
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Figure 37. Perspective view of 14 with thermal ellipsoids at the 50% probability level.
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In analogy to 11–13, two carbohydrazide ligands in 14 are coordinated to the titanium
center in a chelating κ2-fashion through the carbonyl oxygen atoms and nitrogen atoms in the
piperidine group to form five-membered rings. The Ti–N bond distances (Ti1A–N1A 2.150(6) Å;
Ti1A–N3A 2.257(7) Å), Ti–O bond distances (Ti1A-O1A 1.928(5) Å; Ti1A–O2A 1.909(6) Å)
and N–Ti–O bond angles (N1A–Ti1A–O1A 77.9(3) Å; N3A–Ti1A–O2A 76.6(3) Å) of these
carbohydrazide ligands are comparable with the related values in 11–13. In contrast, the third
carbohydrazide ligand is bound to the titanium center in a chelating κ2-fashion through the
carbonyl oxygen atom and the α–N atom, forming a four-membered metallocycle resembling an
amidate ligand. The sterically bulky piperidine moiety present on the terminal nitrogen atom
influences the formation of a four-membered ring around the titanium center to disperse the steric
crowding. In 14 (Figure 37), the C–N and C–O bond lengths of the amidate-like ligand containing
N6A are 1.303(10) and 1.289(5) Å, respectively. The second component of the three-fold whole
molecule disordered crystal structure of 14 is almost identical to the major component, as shown
in Figure 37. But the piperidine group on the amidate-like ligand is oriented differently. The third
component of the three-fold whole molecule disordered crystal structure of 14 has three
carbohydrazide ligands coordinated to the Ti center in a chelating κ2 fashion through the piperidine
N atom and O atom, forming a structure similar to 11–13.
Crystal structures of Ti(III) complexes containing κ2-N,O ligands are scantly documented
in the literature. However, the crystal structures of 11–14 can be compared with previously
reported Ti(III) complexes with related octahedral complexes with κ2-N,N and κ2-O,O ligands.
Tris(acetylacetonate)titanium(III)
propanedionate)titanium(III)

(Ti(acac)3)204

(Ti(Phacac)3)205

complexes

and
have

tris(1,3-diphenyl-1,3been

crystallographically

characterized and these complexes adopt distorted octahedral geometries about the titanium
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centers. The Ti–O bond distances in Ti(Phacac)3 vary between 1.978(3) to 2.022(4) Å205 and are
1.984(10) to 2.030(8) Å for Ti(acac)3,204 which are similar to slightly longer than the related values
in 11–14 (1.960(9)–2.003(9) Å). Ti((tBu)2pz)3183 (pz = pyrazolate) and Ti(PhNCHNPh)3189 have
Ti–N bonds that vary between 2.034(3) to 2.038(3) Å and 2.110(3) to 2.144(3) Å, respectively,
which are slightly shorter than the those found in 11–14 (2.217(11)–2.357(2) Å). The longer Ti–
N bonds in 11–14 can be attributed to the steric crowding around the titanium centers caused by
the dimethyl and piperidine moieties present on the terminal N atom in the carbohydrazide ligand
systems.
The Ti–N bond lengths and N–Ti–O bond angles of the amidate-like ligand present in 14
can be compared with previously reported homoleptic and heteroleptic titanium(III) complexes
containing guanidinate ligands. The complexes Cp2Ti(N(iPr)CNRR´N(iPr))206 (Cp =
cyclopentadienyl, R, R´ = H, Me, iPr) have Ti–N bond lengths between 2.147(17) and 2.1730(17)
Å, while for homoleptic Ti(N(iPr)C(NMe2)N(iPr))3207 the Ti–N bond length varied between
2.1424(12) and 2.1432(13) Å. These bond lengths are slightly shorter than the Ti1A–N6A distance
in the amidate-like ligand present in 14 (2.219(11) Å). The longer Ti–N distances in amidate-like
ligand in 14 may reflect increased steric crowding from the accommodation of the piperidine
groups, compared to the guanidinate complexes with the iPr substituents. Moreover, the bite angle
of

the

amidate-like

ligand

in

14

(60.0(3)°)

is

similar

to

those

observed

in

Cp2Ti(N(iPr)CNRR´N(iPr))206 (60.91(6)–61.58(14)°), Ti(N(iPr)C(NMe2)N(iPr))3 (62.35(5)°),207
and Ti(PhNCHNPh)3 (63.1(1)°).189
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Table 7. Experimental crystallographic data for 11-14.
11

12

13

14

Formula

C12H27N6O3Ti

C18H39N6O3Ti

C21H45N6O3Ti

C21H39N6O3Ti

FW

351.29

435.45

477.53

471.33

Space
group

P21/c

P21/c

Cc

P21/c

a (Å)

8.3299(11)

17.4358(10)

14.0487(7)

10.039(3)

b (Å)

7.1259(10)

21.6709(10)

20.8990(11)

20.769(6)

c (Å)

29.322(4)

13.4930(7)

9.7071(5)

11.856(3)

V (Å3)

1738.3(4)

4854.9(4)

2701.8(2)

2440.1(12)

Z

4

8

4

4

T (k)

100

100

100

100

λ (Å)

0.71073

0.71073

0.71073

0.71073

ρcalc (gcm3
)

1.342

1.191

1.174

1.283

μ (mm-1)

0.513

0.38

0.347

0.384

R(F)a (%)

3.32

4.18

3.8

4.55

Rw(F)b
(%)

8.6

6.92

7.44

7.1

a

R(F) = Σ||Fo| − |Fc||/Σ|Fo|.

b

Rw(F) = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2.
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Table 8. Selected bond lengths (Å) for 11-13.
12a

11

Ti-N

Ti-O

Core NN

Core NC

Core CO

Ti(1)–N(1)

2.3532(11) Ti(1)–N(1)

2.357(2)

Ti(1)–N(1)

2.286(3)

Ti(1)–N(3)

2.2717(11) Ti(1)–N(3)

2.277(2)

Ti(1)–N(3)

2.256(3)

Ti(1)–N(5)

2.2468(11) Ti(1)–N(5)

2.234(2)

Ti(1)–N(5)

2.336(3)

Ti(1)–O(1)

1.9387(9)

Ti(1)–O(1)

1.941(2)

Ti(1)–O(1)

1.972(2)

Ti(1)–O(2)

1.9603(9)

Ti(1)–O(2)

1.969(2)

Ti(1)–O(2)

1.991(2)

Ti(1)–O(3)

2.0026(9)

Ti(1)–O(3)

1.990(2)

Ti(1)–O(3)

1.945(2)

N(1)–N(2)

1.4673(15) N(1)–N(2)

1.475(2)

N(1)–N(2)

1.480(3)

N(3)–N(4)

1.4708(14) N(3)–N(4)

1.490(2)

N(3)–N(4)

1.478(4)

N(5)–N(6)

1.4755(15) N(5)–N(6)

1.478(2)

N(5)–N(6)

1.468(3)

N(6)–C(15) 1.2865(17) N(6)–C(13)

1.281(3)

N(6)–C(9)

1.289(4)

N(2)–C(1)

1.2896(18) N(2)–C(1)

1.288(3)

N(2)–C(1)

1.295(4)

N(4)–C(8)

1.2896(16) N(4)–C(7)

1.289(3)

N(4)–C(5)

1.291(4)

C(8)–O(2)

1.3211(16) C(7)–O(2)

1.315(3)

C(1)–O(1)

1.301(4)

C(1)–O(1)

1.3161(15) C(1)–O(1)

1.327(2)

C(5)–O(2)

1.317(4)

1.308(2)

C(9)–O(3)

1.327(4)

C(15)–O(3) 1.3072(15) C(13)–O(3)
a

13

Asymmetric unit contains 2 independent molecules; only data for a molecule with Ti1 are listed
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Table 9. Selected bond angles (°) for 11-13.
12a

11
N(5)–Ti(1)–
O(3)
N(3)–Ti(1)–
O(2)
N(1)–Ti(1)–
O(1)
N–Ti–O

N(1)–Ti(1)–
O(3)
N(1)–Ti(1)–
O(2)
N(1)–Ti(1)–
O(5)
N(5)–Ti(1)–
O(1)

N(5)–Ti(1)–
N(3)
N–Ti–N

N(5)–Ti(1)–
N(1)
N(3)–Ti(1)–
N(1)

O(2)–Ti(1)–
O(1)
O–Ti–O

O(2)–Ti(1)–
O(3)
O(3)–Ti(1)–
O(1)

a

71.96(9)

75.10(9)

73.27(10)

100.45(10)

87.52(9)

103.55(10)

86.70(10)

97.66(10)

103.55(10)

152.66(10)

105.95(10)

155.92(8)

96.81(10)

N(5)–Ti(1)–
O(3)
N(3)–Ti(1)–
O(2)
N(1)–Ti(1)–
O(1)
N(1)–Ti(1)–
O(3)
N(1)–Ti(1)–
O(2)
N(1)–Ti(1)–
O(5)
N(5)–Ti(1)–
O(1)

N(5)–Ti(1)–
N(3)
N(5)–Ti(1)–
N(1)
N(3)–Ti(1)–
N(1)

O(2)–Ti(1)–
O(1)
O(2)–Ti(1)–
O(3)
O(3)–Ti(1)–
O(1)

13
76.00(6)

73.73(6)

71.87(10)

165.60(6)

88.97(6)

103.55(10)

104.74(6)

153.17(7)

103.54(6)

97.05(6)

158.20(6)

105.39(6)

94.19(6)

N(1)–Ti(1)–
O(1)
N(3)–Ti(1)–
O(2)
N(5)–Ti(1)–
O(3)
N(5)–Ti(1)–
O(2)
N(1)–Ti(1)–
O(2)
N(5)–Ti(1)–
O(1)
N(3)–Ti(1)–
O(1)

72.54(4)

74.48(4)

74.99(5)

92.74(5)

87.11((4)

103.49(5)

94.75(5)

N(5)–Ti(1)–
N(1)

103.65(4)

N(1)–Ti(1)–
N(3)

94.41(4)

N(3)–Ti(1)–
N(5)

157.39(4)

O(2)–Ti(1)–
O(1)

156.34(4)

O(2)–Ti(1)–
O(3)

100.43(4)

O(3)–Ti(1)–
O(1)

100.33(4)

Asymmetric unit contains 2 independent molecules; only data for a molecule with Ti1 are listed
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Table 10. Selected bond Lengths (Å) and angles (°) for 14.

Ti1A-O1A

1.928(5)

O1A-Ti1A-N1A

77.9(3)

Ti1A-O2A

1.909(6)

O2A-Ti1A-O1A

101.6(4)

Ti1A-O3A

2.086(5)

O2A-Ti1A-N3A

76.6(3)

Ti1A-N1A

2.150(6)

O3A-Ti1A-N3A

95.1(4)

Ti1A-N3A

2.257(7)

O3A-Ti1A-N6A

60.0(3)

Ti1A-N6A

2.219(11)

N1A-Ti1A-N6A

99.4(4)

Ti1A-C15A

2.582(8)

O1A-Ti1A-N1A

77.9(3)

O1A-C1A

1.314(4)

O2A-Ti1A-O1A

101.6(4)

O2A-C8A

1.314(4)

O2A-Ti1A-N3A

76.6(3)

O3A-C15A

1.289(5)

O3A-Ti1A-N3A

95.1(4)

N1A-N2A

1.524(9)

O3A-Ti1A-N6A

60.0(3)

N2A-C1A

1.293(5)

N1A-Ti1A-N6A

99.4(4)

N3A-N4A

1.505(10)

N4A-C8A

1.295(4)

N5A-N6A

1.424(9)

N6A-C15A

1.303(10)
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Evaluation of Thermal Stability and Volatility. The suitability of 11–14 for use as ALD
precursors was assessed by the decomposition determinations, preparative sublimations, and TGA.
Table 11 summarizes the preparative sublimation data, melting points, and thermal decomposition
temperatures of 11–14. Among 11–14, only 13 is volatile, with a sublimation temperature of 90
°C/0.2 Torr. However, extensive decomposition was observed during sublimation. Complexes 11,
12, and 14 are non-volatile and decomposed without sublimation. To determine the melting point
and thermal decomposition temperatures, a 2–3 mg sample of each compound was sealed in a
capillary tube under nitrogen, and the capillary tube was then heated at 5 °C/min in a melting point
apparatus. During this study, it was evident that all complexes decomposed at low temperatures
along with melting.
Table 11. Volatility and thermal stability data for 11−14.
Sublimation
Complex

Melting Point (°C)

Decomposition (°C)
Temperature (°C)

11

80–83

83

-

12

51–53

60

-

13

98–100

100

90, with
decomposition
14

129–131

124

-

TGA was performed on 11–14 to understand the volatilities and thermal stabilities (Figure
38). According to the TGA traces, all of these complexes were thermally unstable since there are
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multiple steps in the TGA traces with high residual masses (10–25%). The bulkiness of ligands
L1–L3 may not be large enough to prevent intermolecular decomposition of the titanium centers,
whereas the L4 ligand containing piperidine substituent may be too large to fit around the Ti metal
ion in 14, making it thermally unstable.

Figure 38. TGA of 11−14.
Thermal Decomposition of Temperatures of 11–14. Thermal decomposition and TGA
revealed that 11–14 are thermally unstable and decompose at low temperatures. Complexes 11–
14 melted and decomposed simultaneously. Complex 13 sublimed at 90 °C/0.2 Torr to a small
extent with concomitant decomposition. The colors of 11–14 turned from blue/green to red during
the decompositions, suggesting that these materials have undergone oxidation state changes. As
presented in Chapter 3, similar to Ti(III) complexes containing pyrazolates, we speculate that 11–
14 also disproportionate during decomposition. However, isolation of Ti(IV) and other low valent
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titanium complexes, which were clearly derived from the disproportionation, could not be
achieved. Nevertheless, to study the decomposition pathways and the products, 11 was selected as
a representative molecule due to its low molecular weight and the presence of simple substituent
R groups (i.e., methyl groups) on the carbohydrazide ligand core.
A 1.00 g sample of pure 11 was subjected to sublimation conditions at reduced pressure
(0.2 Torr). Around 70 °C, the compound started to melt along with a visual color change from
green to red/brown. The temperature was increased by 10 °C every 30 minutes, and any physical
changes were observed. When the temperature reached 130 °C, a red-colored oil evaporated and
condensed at the cold end of the sublimation tube. With further heating, at around 160 °C, yellowcolored crystals (15) sublimed in low quantity (~100 mg). The sublimation study was continued
until the temperature reached 200 °C. No further changes were observed after 160 °C. Preliminary
characterization (1H NMR and IR) was performed on the red-colored oil and 15, and the X-ray
crystal structure of 15 was obtained. A representative perspective view of 15 is given in Figure 39.
Experimental crystallographic data are summarized in Table 11, and selected bond lengths and
bond angles are presented in Table 12.
As shown in Figure 39, the structure of 15 consists of a dimer with an inversion center
located at the middle of the Ti2O2 ring. The titanium centers have slightly distorted octahedral
geometries with interligand O–Ti–N angles that vary from 72.34(4) to 83.58(4)°, while intraligand
O–Ti–O and O–Ti–N angles are 95.53(4) and 99.28(4)°, respectively. The two titanium and two
oxygen atoms in the Ti2O2 ring are exactly planar (0.00(4)°).
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Table 12. Experimental crystallographic data for 15.
15
Formula

C16H36N8O6Ti2

FW

532.33

Space group

P21/n

a (Å)

11.8296(13)

b (Å)

8.8846(11)

c (Å)

12.6244(14)

V (Å3)

1236.9(2)

Z

2

T (k)

100

λ (Å)

0.71073

ρcalc (gcm-3)

1.429

μ (mm-1)

0.692

a

R(F) = Σ||Fo| − |Fc||/Σ|Fo|.

b

Rw(F) = [Σw(Fo2 − Fc2)2/Σw(Fo2)2]1/2.
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Table 13. Selected Bond Lengths (Å) and Angles (°) for 15.
Ti1–Ti11

2.7355(5)

O31–Ti1–O3

83.58(4)

Ti1–O1

1.9372(9)

O31–Ti1–O1

107.31(4)

Ti1–O3

1.8297(8)

O3–Ti1–O2

107.77(4)

Ti1–O31

1.8395(9)

O31–Ti1–N1

89.70(4)

Ti1–O2

1.9340(9)

O1–Ti1–N1

72.34(4)

Ti1–N1

2.3427(11)

O2–Ti1–N3

73.02(4)

Ti1–N3

2.3279(11)

O3–Ti1–N3

90.30(4)
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Figure 39. Perspective view of 15 with thermal ellipsoids at the 50% probability level.
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Similar di-μ-oxo-bridged titanium complexes have been previously reported in the
literature and include [TiO(C6H5NC(Me)C(Me)C(Me)O)2]2 ([TiO(Phnacac)2]2)87 (Figure 40) and
[TiO(OC(Me)C(Me)C(Me)O)2]2 ([TiO(acac)2]2)208 (Figure 40). The average Ti–O bond distances
in the Ti2O2 ring in [TiO(acac)2]2 and [TiO(Phnacac)2]2 are 1.83 Å and 1.835(2) Å, respectively.87,
208

These bond distances are very similar to the Ti2O2 Ti–O bond distance observed in 15

(1.8395(9) Å). The Ti–Ti bond distance is 2.7355(5) Å, which is comparable with the values
observed in [TiO(acac)2]2 (2.729(1) Å)87 and [TiO(Phnacac)2]2 (2.7527(10) Å).208

Figure 40. Structures of [TiO(Phnacac)2]2, [TiO(acac)2]2, and [(η8-Pn)Ti(μ-O)]2.
Titanium-oxo-organo clusters (TixOy(OR)w(L)z, OR = alkoxide groups, L = β-ketonates,
phosphonates, and carboxylates) are a group of polymeric complexes, which contains multiple
titanium atoms (2 to 28). These titanium atoms are connected by either oxo bridges or bridging
alkoxide groups. Other chelating ligands such as β-ketonates, phosphonates, and carboxylates are
also coordinated to the titanium centers, making stronger titanium-oxo clusters.209-217 Generally,
titanium-oxo-organo clusters are synthesized by the controlled and stoichiometric hydrolysis of
titanium alkoxides.209-213 However, there are some studies for the synthesis of titanium clusters
using in situ generated water (in-situ hydrolysis)214, 215 or non-hydrolytic sol-gel process.216, 217
Moreover, titanium μ-oxo bridged complexes have been synthesized using titanium complexes
containing β-ketonate,208 β-ketoiminate,87 and bis-pentalene.218 In these studies, direct hydrolysis
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was not used to generate oxo bridges. [TiO(C6H5NC(Me)C(Me)C(Me)O)2]2 (Figure 40) was
produced by reacting lithiated β-ketoiminate with TiCl2.87 Even though the oxygen incorporation
mechanism was unclear in this study, the presence of a minute amount of oxygen in the reaction
mixture was suspected as the culprit. During the reaction, the oxidation of Ti(II) to Ti(IV) was
observed by a visual color change from blue to red, while a concomitant reduction of Ti(II) to
Ti(0) was noticed by the presence of insoluble black particles.87 This disproportionation suggested
that more complex reactions might happen during the formation of oxo bridges. The complex
[TiO(acac)2]2 (Figure 40) was isolated by refluxing Ti(OC4H7)4 with an excess amount of
acetylacetone in benzene. However, the exact mechanism of the formation of the di-μ-oxo bridge
was not described.208 The bimetallic bis(pentalene)titanium complex (μ:η5,η5-Pn)2Ti2 (pn =
pentalene)) reacted with CO2 to produce the dicarbonyl complex, (μ:η5,η5-Pn)2[Ti(CO)]2 and bis
oxo-bridged dimer, [(η8-Pn)Ti(μ-O)]2 (Figure 40). The Ti=Ti bond presented in the (μ:η5,η5Pn)2Ti2 was oxidatively cleaved to give a Ti(IV) bis(oxo) complex with simultaneous reduction of
CO2 to CO which had reacted rapidly with (μ:η5,η5-Pn)2Ti2 to produce a dicarbonyl complex.218
In the present study, the sublimation of 11 produced 15 and red-colored oil. The yields of
these products were not possible to calculate since the reaction mechanism was not clear. The
decomposition of 11 during the sublimation was assumed to proceed via disproportionation to
produce Ti(IV) and one or more low-valent titanium species. Figure 41 shows the 1H NMR
comparison of 11, free ligand (L1H), 15, and red-colored oil. A broad resonance at δ 1.0 present in
1

H NMR spectrum (Figure 41a) corresponds to paramagnetic complex 11 and sharp resonances in

Figure 41b match with the ligand substituents in complex 15. Moreover, the sharp resonances of
the red-colored oil shown in Figure 41d indicate the presence of diamagnetic titanium complexes.
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There are two possibilities to describe the formation of 15 from 11. The first possibility is
the reaction of the low valent titanium species (i.e., Ti(II) carbohydrazide) produced by
disproportionation with residual oxygen present in the reaction mixture. The second possibility is
the presence of complex reactions (i.e., β-hydrogen elimination) in the Ti(IV) carbohydrazide
complex which was formed during the disproportionation of 11.

Figure 41. 1H NMR comparison of (a) 11 (b) 15 and (c) Free-ligand (d) red-colored oil in
benzene-d6.
To confirm this second possibility, a separate reaction was conducted by reacting four
equivalents of KL1 with one equivalent of TiCl4 as shown in equation 4. After 24 h reaction time,
the red-colored crude material was extracted with hexane to obtain a red-colored semi-solid after
solvent removal. The 1H NMR of the hexane extract had sharp resonances corresponding to a
diamagnetic Ti(IV) complex. However, the resonances responsible for the 15 were not present.
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This red paste was used for the sublimation study and at around 130 °C/0.2 Torr, a red-colored oil
condensed. With further heating, yellow-colored crystals sublimed at 160 °C/0.2 Torr. These
observations are in line with those seen in the sublimation study of 11, in which a red-colored oil
condensed at 130 °C/0.2 Torr and yellow-colored crystals sublimed at 160 °C/0.2 Torr. These
observations from the sublimation study suggest that the decomposition of 11 follows a
disproportionation and the formation of oxo dimer proceeds from the Ti(IV) complex with further
heating. TiCl3(THF)3 is reported to undergo disproportionation to TiCl4 and TiCl2 at ~225 to 250
°C.195 In situ formation of a Ti(II) species from the disproportionation of TiCl3(THF)3 has been
used to form a catalyst that was used to cleave azobenzene through titanium imido formation.219
Moreover, the formation of Ti(II) dialkylamide complexes have been explained by the volatility
controlled disproportionation of [Ti(NR2)3]2 196, 197

By careful consideration of all of these observations, a possible mechanism for the
decomposition of 11 is given in Scheme 3. As the first part of the proposed mechanism, 11
disproportionates to produce Ti(II) and Ti(IV) complexes containing the L1 ligand. During the
synthesis of 11-14, the atom connectivity was highly influenced by the substituent groups on the
carbohydrazide ligands. For example, one carbohydrazide ligand in 14 arranged itself as an
amidate-like ligand to reduce steric crowding around the Ti(III) center as described in the previous
paragraphs. Hence, the structure of Ti(IV) carbohydrazide complex is assumed to contain both κ1-
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L1 and κ2-L1 (Ti(κ1-L1)x(κ2-L1)4-x, (x = 1–4) and κ1-L1 closely resembles the alkoxide ligands
present in Ti(IV) alkoxide complexes.220-223
Scheme 3. Proposed mechanism for the formation of 15.
Part I: Mechanism for the disproportionation of 11.

Part II: Mechanism for the formation of 15.

In part II of the mechanism, a complex reaction to form bis-μ-oxo dititanium from the
Ti(IV) complex is proposed. As the first step, TiOH(κ1-L1)(κ2-L1)2 is produced from Ti(κ1-L1)2(κ2L1)2 via β-hydrogen elimination. The late transition metals, which are soft Lewis acids, usually
undergo β-hydrogen elimination to produce metal hydrides. However, early transition metals,
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which are oxophilic and hard Lewis acids, have less willingness to bind to the soft hydride to
produce metal hydrides. Hence, a β-hydrogen atom in Ti(κ1-L1)2(κ2-L1)2 will migrate to the oxygen
atom while cleaving the O–C bond to produce 1,1-dimethyl-2-vinylidenehydrazine. 1,1-Dimethyl2-vinylidenehydrazine was not detected by 1H NMR. Either this hydrazine derivative was
eliminated from the sublimation tube during heating due to its high volatility, or it might
decompose by further fragmentation. Similar β-hydrogen migrations and intramolecular
dehydrations have been proposed for the thermal decomposition of Hf(OC(CH3)2CH2OCH3)4224
and Ln(OC(CH3)2CH2OCH3)3225 complexes. Moreover, the formation of Ti–OH species by βhydrogen elimination has been previously proposed for the thermal decomposition of titanium
tetraisopropoxide (Ti(OCH(CH3)2)4, TTIP), where TiO2 was obtained as the final product.221-223
Okuyama
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studied the gas-phase thermal decomposition of TTIP using a flow reactor in the

temperature range of 500–660 K. The rate constant of the decomposition was monitored by
propylene formation and was used to understand the mechanism of the production of TiO2. Based
on the results, they proposed the overall reaction for the decomposition of TTIP as depicted in
Scheme 4.227 According to Scheme 4, TiO2 formation is assumed to occur through sequential
propylene eliminations, leading to the formation of Ti(OH)4 and finally to TiO2. This mechanism
was further confirmed by theoretical (DFT and CBS-Q composite procedures)90 and experimental
studies (mass spectrometry and micro-thermocouple techniques)227 carried out by other groups.
Scheme 4. Proposed mechanism for the formation of TiO2.

According to Part II of Scheme 3, once the TiOH(κ1-L1)(κ2-L1)2 is formed, two molecules
of TiOH(κ1-L1)(κ2-L1)2 can react to produce 15 by eliminating L1H and rearranging the
coordination of the L1 ligands. Moreover, another β-hydrogen atom may eliminate to produce
Ti(OH)2(κ2-L1)2, which could react with the low valent titanium species, Ti(L1)2, to produce 15.
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Even though the possible mechanism for the formation of 15 has been described above, to confirm
these pathways, mechanistic, and computational experiments are needed.
4.3 Conclusions.
Four novel Ti(III) complexes containing carbohydrazide ligands have been synthesized and
characterized. Moreover, their volatility, thermal stability, and thermal decomposition pathways
have been evaluated. All of these complexes are monomers with three bidentate ligands bound to
the Ti centers forming distorted octahedral geometries around the titanium centers. One
carbohydrazide ligand in 14 showed a novel coordination mode. It formed a four-membered
metallocycle resembling an amidate ligand while the other two ligands bound to the titanium center
forming five-membered metallocycle. Complexes 11–14 were not thermally stable and were nonvolatile, since all of these complexes decomposed at low temperatures (<100 °C). The sublimation
study of 11 was used to understand the thermal decomposition pathways and products. According
to the sublimation studies, the decomposition of 11 was assumed to proceed via disproportionation
to produce Ti(IV) and other low valent titanium species. During further heating, 15 was obtained
as yellow-colored crystals. An X-ray crystal structure determination demonstrated that 15 is a bisμ-oxo dititanium complex. Even though the exact pathway of the formation of 15 is unclear,
according to the sublimation study and 1H NMR data, it is speculated that a series of complex
reactions involving β-hydrogen migration lead to the observed decomposition products.
4.4 Experimental Section
General Considerations. The syntheses of 11–14 were performed under nitrogen using
glove box or Schlenk line techniques. Hexane was distilled from sodium and tetrahydrofuran was
distilled from sodium benzophenone ketyl. Anhydrous 3TiCl3•AlCl3 was purchased from Strem
Chemicals.

All

carboxylic

acid

chlorides,

triethylamine,

1-aminopiperidine,

1,1-
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dimethylhydrazine, and potassium hydride (in 30 wt % dispersion in mineral oil; washed with
hexane before use) were purchased from Sigma-Aldrich. Carbohydrazide ligands L1H–L4H and
TiCl3(THF)3 were prepared according to literature procedures.201,208 1H and 13C{1H} NMR spectra
were obtained 400 MHz and 100 MHz, respectively, in benzene-d6. Solution state magnetic
susceptibility values were determined according to the Evans method.202 Melting points were
obtained using an Electrothermal melting point apparatus. Thermogravimetric analyses were
carried out with a TA Q50 thermo-balance that was housed in an argon-filled glove box.
Preparative sublimations and solid-state decomposition measurements were determined using
previously described procedures.175 Midwest Microlab, Indianapolis, IN, performed elemental
analyses for the compounds.
Preparation of Ti(L1)3 (11). A 100 mL Schlenk flask was charged with a magnetic stir
bar, L1H (1.00 g, 9.79 mmol), and tetrahydrofuran (40 mL). To this stirred solution at ambient
temperature was slowly added KH (0.431 g, 10.5 mmol), and the resultant solution was stirred for
12 h. This solution was then added dropwise by cannula to anhydrous TiCl3(THF)3 (1.17 g, 3.158
mmol) at -50 °C. The resultant blue solution was stirred for 24 h at ambient temperature. The
volatile components were removed under reduced pressure to obtain green solid. Complex 11
(0.133 g, 12%) was obtained as green crystals from crystallization from hexane at -28 °C: mp 8083 °C; IR (cm-1) 1662 (s), 1587 (s), 1421 (s) 1224 (s); μeff = 1.38 BM in benzene solution. Anal.
Calcd for C12H27TiN6O3: C,41.03; H, 7.75; N, 23.92. Found: C, 41.07; H, 7.57; N, 23.67.
Preparation of Ti(L2)3 (12). In a fashion similar to the preparation of 11, treatment of
TiCl3(THF)3 (0.918 g, 2.48 mmol) with KL2 (prepared from L2H (1.0 g, 7.68 mmol) and KH (0.338
g, 8.45 mmol) in tetrahydrofuran (40 mL)) for 24 h at ambient temperature afforded 12 (0.432 g,
40%) as green crystals after crystallization from hexane at -28 °C: mp 51-53 °C; IR (cm-1) 1660
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(s), 1581 (s), 1382 (s) 1074 (s) 605 (s); μeff = 1.39 BM in benzene solution. Anal. Calcd for
C18H39TiN6O3: C, 49.65; H, 9.03; N, 19.30. Found: C, 49.98; H, 9.02; N, 19.05.
Preparation of Ti(L3)3 (13). A 100 mL Schlenk flask was charged with a magnetic stir
bar, L3H (1.00 g, 6.93 mmol), and tetrahydrofuran (30 mL). To this stirred solution at ambient
temperature was slowly added KH (0.305 g, 7.62 mmol), and the resultant solution was stirred for
16 h. This solution was then added dropwise by cannula to anhydrous TiCl3(THF)3 (0.857 g, 2.32
mmol) at -50 °C. The resultant blue solution was stirred for 48 h at ambient temperature. The
volatile components were removed under reduced pressure and the resultant blue solid was
sublimed at 90 °C at 0.20 Torr to afford 13 as purple crystals (0.110 g, 10 %); mp 98-100 °C; IR
(cm-1) 1586 (s), 1400 (s), 1136 (s); μeff = 1.27 BM in benzene solution. Anal. Calcd for
C21H45TiN3O3: C, 52.82; H, 9.50; N, 17.60. Found: C, 57.05; H, 9.67; N, 17.53.
Preparation of Ti(L4)3 (14). In a fashion similar to the preparation of 11, treatment of
TiCl3(THF)3 (0.84 g.2.267 mmol) with KL4 (prepared from L4H (1.00 g, 7.03 mmol) and KH
(0.390 g, 7.735 mmol) in tetrahydrofuran (40 mL)) for 24 h at ambient temperature afforded 14
(0.396 g, 37%) as green crystals after crystallization from hexane at -28 °C: mp 129-131 °C; IR
(cm-1) 1662 (s), 1587 (s), 1425 (s) 1307 (s); μeff = 1.54 BM in benzene solution. Anal. Calcd for
C21H39TiN6O3: C, 53.51; H, 8.34; N, 17.83. Found: C, 53.30; H, 8.30; N,17.42.
Preparation of [TiO(L1)2]2 (15). A 1.00 g sample of 11 was sublimed at 160 °C at 0.2 Torr
to obtain 15 as yellow-colored crystals (80 mg). As an alternative method, the crude material from
the reaction between TiCl4 (0.457 g. 2.45 mmol) and KL1 (prepared from L1H (1.00 g, 9.79 mmol)
and KH (0.431 g, 10.5 mmol)), was sublimed at 160 °C at 0.2 Torr (90 mg): mp 129-131 °C; IR
(cm-1) 1662 (s), 1587 (s), 1425 (s) 1307 (s) 1H NMR (C6D6, 23 °C, δ) 2.74 (s, 6H, N(CH3)2), 1.73
(s, 3H, OCCH3) with some low intensity resonances at δ 2.48, 1.97, and 1.84 .
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CHAPTER 5
Conclusion
The main focus of this dissertation is the synthesis, characterization, and precursor property
evaluation of novel Ti(III) and Ti(IV) complexes. These complexes were analyzed by infrared
spectroscopy, CHN microanalysis, melting points and thermal decomposition studies, TGA,
sublimation, 1H and 13C NMR spectroscopy, and X-ray crystallography. Chapter 2 described the
synthesis, precursor properties evaluation of Ti(tBu2DAD)2 (1) and Ti(iPr2DAD)3 (2), and thermal
ALD of TiN using 1 and 1.1-dimethylhydrazine. Complexes 1 and 2 were synthesized according
to literature procedures,149 and precursor properties have been evaluated. Complex 1 sublimes at
90 °C/0.2 Torr, and thermal decomposition temperature is ˃ 350 °C. Long-term thermal stability
studies revealed that 1 is thermally stable at 150 °C for 168 h. This precursor has been identified
as an excellent alternative to titanium precursors containing halogens or dialkylamido ligands.
During the TiN ALD study using 1 and 1,1-dimethylhydrazine, an ALD window of 325–350 °C
was observed on SiO2 substrates with a growth rate of 0.28 Å/cycle. Self-limited, saturative growth
behavior was observed at 325 °C with ≥ 3.0 s and ≥ 0.1 s pulses of 1 and 1,1-dimethylhydrazine,
respectively. A linear relationship was obtained for a plot of film thickness versus number of
growth cycles. The films deposited on Si(100) at 350 and 400 °C consisted of nanocrystalline TiN,
according to the X-ray diffraction patterns. The surfaces of the deposited films within the ALD
window were smooth according to the RMS values obtained from AFM analyses. However, TiN
films grown from this process suffer from significant oxygen and carbon contamination. XPS
analysis showed that films grown from 1 and 1,1-dimethylhydrazine were composed of TiNxOy
with 7% carbon incorporation. Post-deposition oxidation upon exposure to ambient atmosphere is
identified as the most likely pathway of oxygen incorporation for TiN films since the reaction
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between TiN and oxygen is thermodynamically favorable. To determine the effects of air exposure
on the TiN films, a 30 nm thick TiN film deposited at 350 °C was analyzed by XPS with minimal
air exposure (˂ 1h). A smaller amount of oxygen was detected in the films with minimum air
exposure, compared to the films exposed for a longer period of time (˃30 days). Due to the high
oxygen contamination, the resistivity values of the films were high (˃ 2000 μΩ cm) compared to
bulk TiN (25 μΩ cm ).103 An initial ALD study of 2 and 1,1-dimethylhydrazine led to the
deposition of thin, rough, and non-conductive films at ˃300 °C, which is assumed to be due to
CVD-like growth since the thermal decomposition of 2 is ~250 °C.
The use of Ti(III) precursors in the TiN depositions are expected to deposit high purity TiN
films at low temperatures, as they do not require a reduction step during the depositions. Chapter
3 described the synthesis and characterization of Ti(III) complexes containing pyrazolate ligands.
Complexes 7 and 8 are monomeric, with two THF molecules attached to each Ti center. Due to
the THF ligand loss, these complexes were non-volatile and decomposed at low temperatures.
However, during the sublimation study of 8, yellow-colored 10 was obtained, which was assigned
as a Ti(IV) complex with four η2-pyrazolate ligands by X-ray crystallography. Formation of 10
indicated that during the sublimation, 8 underwent disproportionation to produce 10 and possibly
Ti metal. The PXRD pattern of the black residue attained after sublimation of 8 was obtained.
According to the PXRD pattern, the material is amorphous. However, Ti metal characterization by
PXRD would be difficult due to the high reactivity of Ti metal towards oxygen and moisture. Since
the black residue was exposed to air prior to analysis, crystallinity data are ambiguous.
Nevertheless, the presence of Ti in the black residue was confirmed by the intense signal obtained
by X-ray fluorescence spectroscopy. This finding is important since highly reactive titanium
species such as Ti metal and Ti(II) produced during the disproportionation might react with N2 to
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produce TiN at low temperatures. The use of disproportionation to produce films containing
titanium has not been previously reported. Moreover, the deposition of metallic titanium by ALD
is challenging since titanium has a very negative electrochemical potential (Ti(II)→ Ti(0), E° = 1.631 V)198 and thermally induced disproportionation proposed by the current study will be a
valuable concept.
Chapter 4 described the synthesis and precursor properties of Ti(III) complexes containing
carbohydrazide ligands. Four novel Ti(III) complexes (11-14) were synthesized, and all of these
complexes are monomers with three ligands bound to the Ti centers forming distorted octahedral
geometries. Moreover, a novel coordination mode of a carbohydrazide ligand was identified for
14, where one carbohydrazide ligand is coordinated to the Ti center as an amidate-like ligand.
According to the precursor properties of 11–14, these complexes were identified as non-volatile
and thermally unstable precursors. However, during the sublimation of 11, a bis-μ-oxo dititanium
complex (15) was obtained. Even though the exact pathway of the formation of 15 is unclear, it is
speculated that a series of complex reactions involving β-hydrogen migration led to the formation
of 15.
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THERMAL ATOMIC LAYER DEPOSITION OF TITANIUM NITRIDE FILMS:
SYNTHESIS AND CHARACTERIZATION OF NOVEL TITANIUM PRECURSORS
by
ANUTHTHARA CHALANI UPEKSHA ABESINGHE ARACHCHIGE
August 2021
Advisor: Professor Charles H. Winter
Major:

Chemistry (Inorganic)

Degree: Doctor of Philosophy
Due to the continuous miniaturization of microelectronic devices, robust deposition
techniques are required which can provide continuous and conformal thin films even in high aspect
ratio structures. Atomic Layer Deposition (ALD) is an excellent choice of deposition technique as
it is capable of providing perfect film coverage. Because of its self-limited growth mechanism,
ALD can afford sub-nanometer thickness control. Precursors used in ALD should be volatile,
thermally stable at the deposition temperature, and highly reactive towards the co-regent.
Traditionally, ALD has been used to grow metal oxide films. However, the microelectronics
industry now demands ALD for metals and metal nitrides. Titanium nitride (TiN) is widely used
as adhesion layers, electrode material, and diffusion barriers. Halogenated precursors used in TiN
ALD studies require high deposition temperatures and the corrosive byproducts can etch the
substrates. Dialkylamido titanium precursors have low thermal stabilities, and hence, significant
carbon incorporation arises in TiN ALD. Moreover, during the TiN depositions, current Ti(IV)
precursors should reduce to Ti(III) and this reduction step is often incomplete. Hence, the synthesis
of novel Ti(III) precursors which do not require reduction steps is needed. The research herein

125

seeks to develop highly volatile and thermally stable Ti(III) and Ti(IV) precursors and to carry out
TiN ALD with highly thermally stable titanium metal-organic precursors.
ALD of TiN film was carried out using Ti(tBu2DAD)2 and 1,1-dimethylhydrazine.
Ti(tBu2DAD)2 is highly volatile and thermally stable with a decomposition temperature ≥ 350 °C,
which is much higher than commonly used metal-organic precursors. According to the plots of
growth rate versus pulse length on SiO2 substrates, self-limited growth behavior was observed ≤
3.0 s for Ti(tBu2DAD)2 and ≤ 0.1 s 1,1dimethylhydrazine with a saturative growth rate of 0.28
Å/cycle. An ALD window was observed from 325 to 350 °C, and a linear relationship was
observed for a plot of thickness versus the number of cycles at a deposition temperature of 325 °C
for TiN growth on SiO2 substrates. GI-XRD revealed the presence of nanocrystalline material on
the films deposited at 350 and 400 °C. Atomic force microscopy of 30 nm thick films deposited at
325 and 350 °C showed RMS roughness values of 4.1% and 5.2% of the film thicknesses,
respectively. X-ray photoelectron spectroscopy analyses were performed on films deposited within
the ALD window. Both samples revealed TiOxNy upon argon ion sputtering. TiN ALD was
attempted using Ti(iPr2DAD)3 and 1,1-dimethylhydrazine, but highly resistive, rough, and poorquality films were obtained.
Novel Ti(III) complexes containing pyrazolate and carbohydrazide ligands were
synthesized and characterized. These complexes are non-volatile and thermally unstable. Hence,
they are not viable candidates for the TiN ALD study. However, Ti(III) pyrazolate complexes
unexpectedly were found to decompose thermally to afford Ti(IV) pyrazolates and possibly Ti
metal. A disproportionation mechanism is proposed. This finding may be valuable for the
development of Ti metal, TiN, and TiSi2 CVD and ALD precursors.
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